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INTRODU CTI ON 
1 . 1  BACKGROUND 
F l i g h t  Test Tra jec tory  Con t ro l  (FTTC) i s  an emerging, p i l o t - a i d i n g  
technology v a l u a b l e  f o r  improving f l i g h t  t e s t  r e s u l t s  and a p p l i c a b l e  t o  
maneuver c o n t r o l  and guidance  i n  a number of c o n t e x t s .  T h i s  t echn ique  has 
provided  t h e  means f o r  f l y i n g  maneuvers c o n s i s t e n t l y ,  p r e c i s e l y ,  and 
r e p e a t a b l y  from f l i g h t  t o  f l i g h t .  Two v e r s i o n s  of these  c o n t r o l l e r s  have 
been used: a c losed - loop  a u t o m a t i c  system and an  open-loop system p rov id ing  
manual p i l o t i n g  in fo rma t ion .  A c losed - loop  sys tem used  t o  c o l l e c t  perform- 
a n c e ,  p r e s s u r e s ,  and l o a d s  d a t a  from t h e  h i g h l y  maneuverable a i r c r a f t  t ech -  
nology (HiMAT) v e h i c l e  is described i n  [ I ] .  The a p p l i c a t i o n  of t h e  open- 
l o o p  sys tem on t h e  NASA F-111 t r a n s o n i c  a i r c r a f t  technology ( T A C T ) ,  F-15 
a i r f r a m e / p r o p u l s i o n  sys tem i n t e r a c t i o n  s t u d i e s ,  and F-15 s h u t t l e  t i l e s  t e s t  
programs are  g iven  i n  [23. 
O r i g i n a l l y ,  t h e  open-loop f l i g h t -  test-  t r a j  e c t o r y  guidance  a l g o r i t h m s  
were developed o n - l i n e ,  i n  a p i l o t e d  s i m u l a t i o n  u s i n g  cu t - and- t ry  t e c h n i q u e s  
t h a t  were n o t  o n l y  man power i n t e n s i v e ,  bu t  o f t e n  produced l e s s  than  op t ima l  
c o n t r o l l e r s .  A c losed - loop  system des igned  u s i n g  one-loop-at-a-t ime 
c lass ica l  d e s i g n  approach  i s  documented i n  [31. F u l l - s t a t e  feedback 
approach f o r  c losed- loop  system des ign  u s i n g  l i n e a r  q u a d r a t i c  s y n t h e s i s  i s  
described i n  [ 4 ] .  
methodology and  c o n t r o l l e r  complexi ty .  
Both these approaches  have  l i m i t a t i o n s  i n  terms of d e s i g n  
The work r e p o r t e d  i n  reference [ 2 ]  and more r e c e n t  ongoing w o r k  have  
i n c l u d e d  d e t a i l e d  modeling of a l l  t h e  p i l o t e d  a i r c r a f t  subsys tems f o r  s u i t -  
ab l e  c o n t r o l  law development. T h i s  research has i d e n t i f i e d  t h e  maneuver 
modeling as a s i g n i f i c a n t  t echno logy  need ing  f u r t h e r  c l a r i f i c a t i o n  and deve- 
lopment .  The maneuver modeling a s p e c t  of t r a j e c t o r y  gu idance  and c o n t r o l  
law d e s i g n  w i l l  be emphasi zed here i n  d e s c r i b i n g  t h i s  deve lop ing  technology.  
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I n  t h e  p r e s e n t  w o r k ,  closed l o o p  mechanizat ion i s  carr ied o u t  w i t h  t h e  
p i l o t  i n  a s u p e r v i s o r y  r o l e .  The t h r u s t  here i s  i n  f o u r  areas 
1 . Maneuver model ing,  
2. A p p l i c a t i o n  o f  modern l i n e a r  m u l t i v a r i a b l e  s y n t h e s i s ,  
3. Techniques  f o r  t h e  development of r e f e r e n c e  command and gain-  
s c h e d u l e d  p e r t u r b a t i o n  c o n t r o l l e r s ,  and 
4 .  E x p l o r a t o r y  i n v e s t i g a t i o n  of t h e  emerging n o n l i n e a r  system des ign  
t e c h n i q u e s  v i a  p r e l  i n e a r i  z i n g  t r a n s f o r m s .  
1 .2  SUMMARY OF RESEARCH ACCOMPLISHED 
Maneuver modeling f o r  a l l  t h e  g iven  f l i g h t  t e s t  t r a j e c t o r i e s  were 
s u c c e s s f u l l y  carr ied o u t .  
51 l e v e l  t u r n  trims a t  a load f a c t o r  of 2 ,  and 30 l e v e l  t u r n  trims a t  a l o a d  
f a c t o r  of 4 were employed. A 3-D l i n e a r  i n t e r p o l a t i o n  was employed. Thus a 
f l i g h t  c o n d i t i o n  i s  c h a r a c t e r i z e d  by a l t i t u d e ,  Mach number and load  f a c t o r .  
L i n e a r i z e d  aerodynamic c o e f f i c i e n t s  were a l s o  s t o r e d .  T h i s  d a t a  i n  conjunc- 
t i o n  w i t h  k i n e m a t i c  and  some dynamic e q u a t i o n s  are  t h e n  used t o  g e n e r a t e  
s t a t e  and c o n t r o l  h i s t o r i e s  fo r  a l l  t h e  f l i g h t  t e s t  maneuvers. 
I n  t h e  p r e s e n t  work 6 4  s t r a i g h t  and l e v e l  t r i m s ,  
Two m u l t i v a r i a b l e  s y n t h e s i s  t e c h n i q u e s  were used t o  o b t a i n  o u t p u t  
feedback l i n e a r  p e r t u r b a t i o n  c o n t r o l l e r s  v i z .  
I )  C o n s t r a i n e d  e i g e n s t r u c t u r e  assignment  ( S h a p i r o  & Andry, 1982) 
2 )  Minimum e r r o r  e x c i t a t i o n  t e c h n i q u e  (Kosut ,  1970) 
Out of these two,  t h e  c o n s t r a i n e d  e i g e n s t r u c t u r e  assignment  t e c h n i q u e  was 
found t o  be t h e  ha rdes t  one  t o  i t e r a t e  o n  p r i m a r i l y  d u e  t o  t h e  c u r r e n t  l ack  
of unders tanding  of t he  e x p l i c i t  r e l a t i o n s h i p  between e i g e n v e c t o r s  and t h e  
d e s i r e d  time r e s p o n s e .  T h i s  d i f f i c u l t y ,  whi le  n o t  c r u c i a l  i n  f u l l  s t a t e  
feedback d e s i g n  can become an ex t remely  impor tan t  e lement  i n  o u t p u t  feedback  
2 
d e s i g n .  Due t o  i t s  h i g h  s e n s i t i v i t y  t o  t h e  i n p u t  e i g e n v e c t o r s ,  i t  was d i s -  
carded a f t e r  t h e  i n i t i a l  research phase.  A paper o u t l i n i n g  these  i s s u e s  was 
p r e s e n t e d  a t  t h e  1985 American Cont ro l  Conference (see Appendix A ) .  The 
minimum error  e x c i t a t i o n  subopt imal  d e s i g n  was s u c c e s s f u l  and  is advocated  
as t h e  main d e s i g n  approach.  
E x p l o r a t o r y  research o n  n o n l i n e a r  maneuver a u t o p i l o t  s y n t h e s i s  brought  
o u t  t h e  f e a s i b i l i t y  of g e n e r a t i n g  t h e  maneuver a u t o p i l o t s  by employing s i n -  
g u l a r  p e r t u r b a t i o n  t h e o r y  i n  c o n j u n c t i o n  w i t h  p r e l i n e a r i z i n g  t r a n s f o r m s .  
The methodology i s  o u t l i n e d ,  though t h e  c o n t r o l l e r s  have n o t  been worked 
o u t .  
i n  Appendix B. 
be f u r t h e r  pursued i n  f u t u r e  research. 
A s imple  example problem t o  s e r v e  as an i l l u s t r a t i v e  example i s  g iven  
T h i s  technique  appears  t o  h o l d  c o n s i d e r a b l e  promise and w i l l  
The d e s i g n s  o b t a i n e d  were scheduled  as  f u n c t i o n s  of Mach number and 
load f a c t o r  and were t e s t e d  on a l i n e a r  s i m u l a t i o n .  
been found s a t i s f a c t o r y  w i t h i n  t h e  v a l i d i t y  of t h e  l i n e a r  model assumpt ions .  
I n  t h e  n e x t  phase  these d e s i g n s  w i l l  be tes ted o n  a n o n l i n e a r  s i m u l a t i o n  of 
t h e  F-15 a i r c r a f t .  
T h e  performance has 
1.3 STUDY RESULTS 
R e s u l t s  from t h i s  work f a l l  i n t o  f o u r  c a t e g o r i e s ,  ( 1 )  c o n t r o l  des ign  
t e c h n i q u e  e v a l u a t i o n s ,  ( 2 )  spec i f ic  c o n t r o l  a n a l y s i s  and d e s i g n ,  
(3)  software developments f o r  c o n t r o l  law mechaniza t ion ,  and ( 4 )  s p e c i f i c  
c o n t r o l  law v a l i d a t i o n s .  The v a r i o u s  d e l i v e r a b l e s  i n  these areas are: 
1 )  For c o n t r o l  d e s i g n  t e c h n i q u e  e v a l u a t i o n s  
a )  A paper e v a l u a t i n g  t h e  e i g e n s t r u c t u r e  assignment  tech- 
n i q u e  C61 
b )  An assessment  and e x t e n s i o n  of t h e  n o n l i n e a r  p r e l i n e a r i z i n g  
c o n t r o l  t e c h n i q u e  C71, and d e m o n s t r a t i o n  o n  a s imple 
example. (See Appendix B) 
2 )  For c o n t r o l  a n a l y s i s  and des ign  
a )  Development and c l a r i f i c a t i o n  of maneuver modeling equa t ions  
beyond t h e  a n a l y s i s  i n  r e f e r e n c e s  [ 4 ,  101. 
b )  Condensat ion of t h e  F-15 a i r c r a f t  non l inea r  c h a r a c t e r i s t i c s  
t o  a t a b l e  of r e f e r e n c e  s t a t e s  and c o n t r o l s  v i a  non l inea r  
s i m u l a t i o n  trim values  a t  approximately 145 c o n d i t i o n s  on 
t h e  f l i g h t  envelope.  
c )  Decomposition of t h e  8 maneuvers over t h e  f l i g h t  envelope 
i n t o  30 l i n e a r  p e r t u r b a t i o n  models (15  w i t h  f i x e d  t h r o t t l e  
and  15 w i t h  v a r i a b l e  t h r u s t ) .  
d )  S o l u t i o n  of 30 ou tpu t  feedback g a i n s  which can be used w i t h  
t h e  30  l i n e a r  p e r t u r b a t i o n  models t o  s i m u l a t e  maneuvers 
throughout  t h e  envelope .  
3) For  s o f t w a r e  developments 
TM 
X 
a )  Extens ions  t ,pMIntegra ted  Systems, I n c .  (ISI's) MATRIX 
SYSTEM B U I L D  package i n c l u d i n g  a l i n e a r  t ime vary ing  
FORTRAN block t o  g ive  a genepic  l i n e a r  t ime va ry ing  s imula-  
t i o n  c a p a b i l i t y  ( s u c h  a c a p a b i l i t y  can be e a s i l y  mechanized 
t o  model l i n e a r  t ime-varying s i m u l a t i o n s  of engine  and a i r -  
c r a f t  dynamics,  f o r  example).  
b )  Development of a three-d imens iona l  i n t e r p o l a t i o n  program 
which conve r t s  t a b l e  look-ups i n  a l t i t u d e ,  Mach, and l o a d  
f a c t o r  t o  a one-dimensional t a b l e  look-up w i t h  r e s p e c t  t o  
time f o r  a s p e c i f i c  maneuver, 
c )  Documented command f i l e s  Aircraft-CAS model b u i l d i n g  and 
Maneuver Auto P i l o t  (MAP) d e s i g n  i n  t h e  M A T R I X x  l anguage  f o r  
t h e  model g e n e r a t i o n ,  c o n t r o l  law d e s i g n ,  and s i m u l a t i o n  
v a l i d a t i o n  p r o c e s s ,  and 
4)  Demonstrat ion of t h e  maneuver a u t o p i l o t  v a l i d a t i o n s  i n  a l i n e a r  
s i m u l a t i o n .  
The l i n e a r  c o n t r o l  laws developed i n  t h i s  work a r e  now ready  f o r  v a l i -  
d a t i o n  on a non l inea r  ba t ch  s i m u l a t i o n .  W i t h  s u i t a b l e  a l g e b r a i c  e q u a t i o n  
man ipu la t ion ,  t h e  n o n l i n e a r  c o n t r o l  laws can a l s o  be mechanized on a 
n o n l i n e a r  s i m u l a t i o n .  
4 
1 . 4  REPORT ORGANIZATION 
S e c t i o n  2 d e s c r i b e s  t h e  a i r c r a f t  and command augmentat ion system (CAS)  
models,  t h e  cho ice  of o u t p u t s  u s e f u l  f o r  feedback and t h e  procedure f o r  
o b t a i n i n g  l i n e a r  models. S e c t i o n  3 s p e c i f i e s  t h e  f l i g h t  t e s t  maneuvers 
ana lyzed  i n  terms of t h e  maneuver o b j e c t i v e  and how t h a t  o b j e c t i v e  can be 
reduced t o  a s e t  of equa t ions  which c o n s t r a i n  a r e q u i r e d  s e t  of o u t p u t s .  
S e c t i o n  4 o u t l i n e s  t h e  l i n e a r  t echn iques  eva lua ted  and used f o r  t h e  design 
of p e r t u r b a t i o n  feedback c o n t r o l l e r s  as well as t h e  n o n l i n e a r  t r a c k i n g  feed-  
back c o n t r o l l e r .  S e c t i o n  5 reviews t h e  l i n e a r  s i m u l a t i o n  mechanizat ion and 
d i s c u s s e s  t h e  demonst ra t ion  r e s u l t s  f o r  t h e  e i g h t  r e q u i r e d  maneuvers. 
Conclusions a r e  given i n  S e c t i o n  6. The appendices  d e s c r i b e  i n  d e t a i l  t h e  
i s s u e s  i n  l i n e a r  t ime-vary ing  s i m u l a t i o n ,  t h e  e v a l u a t i o n  of c o n s t r a i n e d  
e i g e n s t r u c t u r e  assignment and t h e  ou tpu t  e r r o r  feedback c o n t r o l l e r  d e s i g n s ,  
and  n o n l i n e a r  t r a c k i n g  c o n t r o l  v i a  p r e l i n e a r i z i n g  t r a n s f o r m a t i o n s .  
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SECTION 2 
AIRCRAFT A N D  COMMAND AUGMENTATION SYSTEM (CAS) MODELS 
LINfRR D E S I G N  
TtcnNlauEs 
W 
T h i s  s e c t i o n  r ev iews  t h e  o v e r a l l  l i n e a r  system model used t o  bo th  
deve lop  and v a l i d a t e  t h e  l i n e a r  p e r t u r b a t i o n  c o n t r o l  laws. 
shows t h e  des ign  p rocess  used.  
F i g u r e  2-1 below 
r L l G H T  CONDIT1OW 
N R S R - O R f  
R l R t R R f T  LlNfRRlZRllON 
PROGRAM 
N R S R - O f l f  
'tOUIURLENT GAIN' 
CONSfN PROGRRM 
F i g u r e  2-1. Use of L i n e a r  System F l i g h t  Tes t  T r a j e c t o r y  Model 
The rest of t h e  s e c t i o n  describes t h e  airframe, e n g i n e ,  and command 
augmenta t ion  (CAS) models and how t h e y  a re  i n t e g r a t e d  i n t o  t h e  o v e r a l l  
l i n e a r  d e s i g n  and e v a l u a t i o n  model. 
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2.1 AIRCRAFT MODEL 
A s  shown i n  F i g u r e  2-1,  t h e  airframe model was o b t a i n e d  f rom t h e  NASA 
Ames Dryden  F l i g h t  R e s e a r c h  F a c i l i t y  (ADFRF) LINEAR Program [ l l ] ,  y i e l d i n g  
t h e  a i r c r a f t  model  i n  t h e  s t a n d a r d  form 
x = A X  + B u ,  
y = H X  + Fu 
where  
T x : C S V ,  ba, b q ,  b e ,  6 6 ,  bp ,  6 r ,  6 4 ,  6h1 ,  
The  f irst  n i n e  o u t p u t s  are  r e q u i r e d  i n  t h e  l i n e a r i z e d  CAS model .  
2 .2  ENGINE MODEL 
An e n g i n e  model  of t h e  form 
0 . 2  
s + 0.2 
was assumed.  
l e a d - l a g  c o m p e n s a t o r ,  t h e  problem of a slow e n g i n e  time cons tan t  was not 
However, s ince t h i s  l a g  can be compensa ted  f o r  w i t h  a s i m p l e  
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i nc luded  i n  t h e  o v e r a l l  d e s i g n ,  assuming e x a c t  c a n c e l l a t i o n .  The a c t u a l  
r e s i d u a l  d u e  t o  mismodeling can  bes t  be a d d r e s s e d  w i t h  t h e  n o n l i n e a r  sirnula- 
t i o n .  F i g u r e  2-2 below shows t h e  o v e r a l l  mechaniza t ion  i n c l u d i n g  t h e  CAS 





FOF, ENGINE DTNEL'ICS 
+ s + 0 . 2  - k 10 STATE 
I 
r 
s + 20 AIRCRAFT 
F i g u r e  2-2. L inea r  P e r t u r b a t i o n  F l i g h t  Test T r & j e c t o r y  Zon t ro l  System 
2 . 3  COMMAND AUGMENTATION SYSTEM ( C A S )  MODEL 
The CAS model is h i g h l y  n o n l i n e a r  w i t h  g a i n  s c h e d u l e s  and m u l t i p l i c a -  
t i v e  and s a t u r a t i o n  n o n l i n e a r i t i e s .  T h i s  was l i n e a r i z e d  w i t h  a g r o s s  
l i n e a r i z a t i o n  and a n  " e q u i v a l e n t  ga in"  f o r  t h e  m u l t i p l i c a t i v e  n o n l i n e a r i t i e s  
de te rmined  by t h e  N A S A  ADFRF CONSEN program. The CONSEN program s i m u l a t e s  
t h e  a c t u a l  CAS fo r  s e v e r a l  time s t e p s  a t  a g iven  f l i g h t  c o n d i t i o n .  When a l l  
t h e  t r a n s i e n t s  have decayed ,  t h e  r a t i o  of i n p u t s  and o u t p u t s  a re  t h e n  used 
t o  compute t h e  e q u i v a l e n t  g a i n s .  
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The CAS system has no access  t o  a i l e r o n s  i n  t h e  a i r c r a f t  under cons i -  
d e r a t i o n  and hence,  a l l  t h e  f l i g h t  t e s t  maneuvers w i l l  be accomplished us ing  
I t h r o t t l e ,  e l e v a t o r ,  rudder  and d i f f e r e n t i a l  t a i l .  The maneuver a u t o p i l o t  
1 
o u t p u t s  w i l l  be connected t o  t h e  e x i s t i n g  a u t o p i l o t  i n t e r f a c e  i n  t h e  CAS, as  
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1 2.4 L I N E A R  MODEL SUMMARY I 
I 
I 
The o v e r a l l  l i n e a r  model has n ine  a i r c r a f t  s t a t e s ,  one engine  s t a t e ,  
and twenty-one CAS s t a t e s .  The o u t p u t s  t o  be used i n  t h e  maneuver au to-  
p i l o t ,  f o r  a l l  maneuvers, a r e  
I 
i 
S e l e c t i o n  of t h e s e  q u a n t i t i e s  f o r  feedback a r e  p r i m a r i l y  d i c t a t e d  by t h e  
v a r i o u s  f l i g h t  t e s t  maneuvers t o  be executed .  Thus ,  t h e  a l t i t u d e ,  Mach 
number and t h e  a n g l e  of a t t a c k  a r e  t o  be e i t h e r  r e g u l a t e d  about r e f e r e n c e  
v a l u e s  o r  should  be made t o  fo l low d e s i r e d  command h i s t o r i e s .  The cho ice  of 
r o l l  a t t i t u d e  feedback a r i s e s  from a requirement  t o  ma in ta in  wings l e v e l  





maneuvers,  d e s i r e d  load  f a c t o r s  can be s u s t a i n e d  by an a p p r o p r i a t e  r o l l  
a t t i t u d e  command. For a l l  f l i g h t  t e s t  maneuvers, t h e  a n g l e  of s i d e s l i p  
needs t o  be r e g u l a t e d  about ze ro ;  t h i s  prompts the  use of B feedback.  An 
o u t p u t  feedback c o n t r o l l e r  is envisaged i n  t h e  p re sen t  development. S i n c e  
most ou tpu t  feedback s y n t h e s i s  approaches do not  gua ran tee  s t a b i l i t y ,  i t  i s  
dec ided  t o  i n c o r p o r a t e  d e r i v a t i v e  feedbacks  f o r  a s  many ou tpu t  v a r i a b l e s  a s  
f e a s i b l e .  T h i s  l e d  t o  t h e  s e l e c t i o n  of t h e  body r a t e s  p ,  q, r t o  s e r v e  a s  
d e r i v a t i v e  f eedbacks  f o r  a n g l e  of a t t a c k ,  ang le  of s i d e s l i p  and t h e  r o l l  
a t t i t u d e .  The Mach number and t h e  f l i g h t  pa th  a n g l e  s e r v e  a s  d e r i v a t i v e  
f eedbacks  f o r  a l t i t u d e .  S i n c e  most f l i g h t  t e s t  maneuvers r e q u i r e  a n g l e  of 
a t t a c k  t r a c k i n g ,  a n  i n t e g r a l  feedback i s  inco rpora t ed  i n  t h e  a n g l e  of a t t a c k  
channel .  While e x e c u t i n g  nonsymmetric f l i g h t  t e s t  maneuvers, t h e  r o l l  
a t t i t u d e  can sometimes be very c l o s e  t o  90°. A t  t h e s e  c o n d i t i o n s ,  sma l l  
p e r t u r b a t i o n s  i n  t h e  r o l l  a t t i t u d e  can induce  major changes i n  a l t i t u d e  and 
o t h e r  s t a t e s .  Hence i n  o r d e r  t o  provide  a t i g h t  r o l l  a t t i t u d e  c o n t r o l ,  two 
i n t e g r a l  feedbacks a r e  in t roduced  f o r  t h e  r o l l  a t t i t u d e  4 .  
SECTION 3 
MANEWER MODELING 
The d e s i r e d  t r a j e c t o r y  or  maneuver t o  be modeled governs t h e  subse-  
quent c o n t r o l  law development i n  two ways.  
t h e  e q u a t i o n s  of motion of t h e  v e h i c l e  on t h e  r e f e r e n c e  t r a j e c t o r y  and 
second ly  t h e  maneuver regimes de te rmine  t h e  l i n e a r  p e r t u r b a t i o n  equa t ions  
about t h e  commanded t r a j e c t o r y  from which t h e  l i n e a r  c o n t r o l  law i s  
devel  oped . 
F i r s t ,  t h e  maneuver p r e s c r i b e s  
A i r c r a f t  f l i g h t  t e s t  t r a j e c t o r i e s  could  be based on i n e r t i a l  r e f e r e n c e  
( e . g . ,  l e v e l - t u r n  or 3-D guidance)  or r e f e r e n c e  w i t h  r e s p e c t  t o  another  
v e h i c l e  or v e h i c l e s  ( e . g . ,  i n  a i r - t o - a i r  combat).  To p l ace  t h e  f l i g h t  t es t  
t r a j e c t o r y  c o n t r o l  des ign  problem i n  a proper  framework, t h e  c o n s t r a i n t s  
which de termine  t h e  e q u a t i o n s  of motion f o r  va r ious  l a r g e  c l a s s e s  of 
t r a j e c t o r i e s  are desc r ibed  below. 
The s u b s e c t i o n s  which f o l l o w  g ive  a gene ra l  overview of maneuver 
modeling and t h e  d e s c r i p t i o n s  of t h e  s p e c i f i e d  maneuvers ana lyzed  i n  t h i s  
work . 
3.1 MANEWER MODELING OVERVIEW 
We d i v i d e  s i n g l e  v e h i c l e  f l i g h t  pa ths  i n t o  t h o s e  which require con- 
t i n u o u s  c o n t r o l  a l o n g  t h e  t r a j e c t o r y  and t h o s e  t h a t  s p e c i f y  a f i n a l  f l i g h t  
c o n d i t i o n .  In e i ther  case t h e  f l i g h t  t e s t  t r a j e c t o r y  cou ld  be s p e c i f i e d  i n  
terms of one of t h e  fo l lowing :  
1 .  C o n s t r a i n t s  on p o s i t i o n  components, 
2. C o n s t r a i n t s  on v e l o c i t y  components and a l t i t u d e ,  
3. C o n s t r a i n t s  on combinat ions of l o a d ,  s p e e d  and a l t i t u d e .  
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Combinations of t hese  c o n s t r a i n t s  cou ld  a l s o  be cons ide red .  The f l i g h t  t e s t  
maneuvers d i s c u s s e d  i n  t h i s  r epor t  be long  t o  t h e  second and t h i r d  
c a t e g o r i e s .  Reference  [ 4 1  g i v e s  some e a r l y  r e s u l t s  i n  f l i g h t  t e s t  
t r a j e c t o r y  modeling. 
3.1.1 C o n s t r a i n t s  on P o s i t i o n  Components 
Examples of t r a j ec to r i e s  which invo lve  p o s i t i o n  c o n s t r a i n t s  a long  t h e  
f l i g h t  p a t h  a re  
1 .  4-D guidance ( x ( t ) ,  y ( t ) ,  h ( t )  a re  g iven  f u n c t i o n s  of time). 
2. 3-D gu idance  ( x ,  y ,  h are  r e l a t e d  t o  each o t h e r ,  e .g . ,  f l y  a long  
a h y p o t h e t i c a l  wire i n  s p a c e ) .  Examples of 3-D guidance  are  
approach  t o  l a n d i n g ,  t e r m i n a l  area f l i g h t  p a t h s  and t h r e a t  eva- 
s i o n  f o r  r econna i s sance  a i r c r a f t  and bombers. T h i s  a l s o  i n c l u d e s  
s t r a i g h t  and l e v e l  f l i g h t  and f l i g h t s  a long  prede termined  pa ths .  
Examples of t ra jec tor ies  which s p e c i f y  p o s i t i o n  c o n s t r a i n t s  a t  t h e  f i n a l  
t r a j  e c t  or y p o i n t  are: 
1 .  4-D s p e c i f i c a t i o n  ( a r r i v e  a t  a c e r t a i n  p o i n t ,  a t  a c e r t a i n  time, 
e . g . ,  touchdown on  t h e  runway a t  a s p e c i f i e d  p o i n t ) .  
2. 3-D s p e c i f i c a t i o n  (fly-to-VOR, t e r r a i n  f o l l o w i n g ) .  
Note t h a t  each of these t r a j e c t o r i e s  r e q u i r e s  p o s i t i o n  measurement. The 4-D 
guidance  t r a j e c t o r y  i n d i r e c t l y  spec i f ies  v e l o c i t y  and a c c e l e r a t i o n  compo- 
n e n t s .  Thus ,  
c o n s t r a i n t  on  
for  most t e s t  
s p e c i f i c a t i o n  of p o s i t i o n  components is  t h e  most comprehensive 
t h e  t r a j e c t o r y .  Such a r i g i d  c o n s t r a i n t  may be unnecessary  
maneuvers. 
3.1.2 C o n s t r a i n t s  on V e l o c i t y  Components and A l t i t u d e  
While t h e  h o r i z o n t a l  p o s i t i o n  components do n o t ,  i n  g e n e r a l ,  a f fec t  
aerodynamic v a r i a b l e s ,  t he  a l t i t u d e  de t e rmines  d e n s i t y  and by i t s e l f  a f f ec t s  
dynamic p r e s s u r e .  Thus,  i t  must a lways be cons ide red  as  a p o s s i b l e  v a r i a b l e  
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t o  be c o n s t r a i n e d .  I n  f a c t ,  t h e  a l t i t u d e  and dynamic p r e s s u r e  a r e  s o  
impor tan t  t h a t  a m a j o r i t y  of f l i g h t  t e s t  t r a j e c t o r i e s  w i l l  d e f i n e  t h e  a l t i -  
tude p r o f i l e  ( t h i s  i nc ludes  ma in ta in ing  cons t an t  a l t i t u d e ) .  
Examples of t h i s  c l a s s  of t r a j e c t o r i e s  a r e :  
1 .  u ( t ) ,  v ( t ) ,  w ( t )  and h ( t )  [ i n  o t h e r  words,  Mach number, dynamic 
p r e s s u r e ,  B ( t )  and a ( t > . l  B ( t )  may be ze ro .  
2. Mach number, ang le -o f -a t t ack  and dynamic p res su re  ( a s  i n  s h u t t l e  
t i l e  t e s t s ) .  
Various o the r  combinat ions of v e l o c i t y  components and a l t i t u d e s  could a l s o  
be s p e c i f i e d .  
Mach number, ang le -o f -a t t ack  and a l t i t u d e  c o n s t r a i n t s  could a l s o  be 
d e s i r e d  a t  one po in t  on t h e  t r a j e c t o r y .  For example, t h e  zoom-and-pushover 
is  a t r a j e c t o r y  where a n g l e - o f - a t t a c k ,  Mach number and a l t i t u d e  a r e  s p e c i -  
f i e d  a t  one po in t  on t h e  t r a j e c t o r y .  
3.1.3 C o n s t r a i n t s  on Combinations of Load, Speed and A l t i t u d e  
The t r a j e c t o r y  s p e c i f i c a t i o n s  could invo lve  components of l o a d s  along 
t h e  t h r e e  a x e s ,  v e l o c i t y  components and a l t i t u d e .  The t y p i c a l  l o a d  s p e c i f i -  
c a t i o n  w i l l  c o n s i s t  of d e s i r e d  v e r t i c a l  a c c e l e r a t i o n .  The d e s i r e d  value of 
t h e  l a t e r a l  a c c e l e r a t i o n  i s  u s u a l l y  zero .  The t o t a l  speed  is  o f t e n  s p e c i -  
f i e d  i n  l i e u  of t he  fo re -and-a f t  a c c e l e r a t i o n .  
Many combinat ions of l o a d ,  speed and a l t i t u d e  s p e c i f i c a t i o n s  a r e  
p o s s i b l e .  Some examples a r e  a s  fo l lows :  
1 .  A c o n s t a n t  l o a d ,  c o n s t a n t  Mach number l e v e l  t u r n ,  
2. A c o n s t a n t  Mach number, c o n s t a n t  a l t i t u d e  windup t u r n .  
Often,  t h e  d e s i r e d  f l i g h t  t r a j e c t o r y  f o r  an a i r c r a f t  depends upon t h e  
p o s i t i o n  and f l i g h t  t e s t  t r a j e c t o r y  of o t h e r  v e h i c l e s .  
c o l l i s i o n  avoidance ,  a i r  combat, o r  avoidance  of a i r - t o - a i r  m i s s i l e s .  The 
s p e c i f i c a t i o n  is  t y p i c a l l y  based on t h e  p o s i t i o n  of a t a r g e t  a i r c r a f t  w i t h  
r e s p e c t  t o  t h e  a i r c r a f t  whose t r a j e c t o r y  is being c o n t r o l l e d .  
Typica l  examples a r e  
The next  s e c t i o n  g ives  a s p e c i f i c  o b j e c t i v e s  and t h e i r  a n a l y t i c a l  
development f o r  each  of t h e  maneuvers f o r  which a u t o p i l o t s  were des igned .  
3 . 2  MANEUVER MODELING 
To summarize, t h e  o b j e c t i v e  of maneuver modeling i s  t o  gene ra t e  a con- 
s i s t e n t  s e t - o f  s t a t e  and c o n t r o l  h i s t o r i e s  t o  s e r v e  a s  commands and open 
loop  c o n t r o l s  f o r  t h e  maneuver a u t o p i l o t  u s i n g  a d a t a  base c o n s i s t i n g  of 
trim c o n d i t i o n s .  Two s e t s  of trims have been found adequate  f o r  a l l  t he  
maneuvers d i scussed  h e r e ,  v i z ,  s t r a i g h t  and l e v e l  trims and l e v e l  t u r n  
trims. To t h e  e x t e n t  f e a s i b l e ,  k inemat ic  r e l a t i o n s h i p s  a r e  employed t o  
g e n e r a t e  t h e  s t a t e - c o n t r o l  h i s t o r i e s .  Whenever t h i s  is  not  p o s s i b l e ,  
l i n e a r i z e d  aerodynamics and engine  models a r e  used. Note t h a t  t h e  fo l lowing  
development is not  r e s t r i c t e d  a p a r t i c u l a r  a i r c r a f t .  
The commands and t h e  open loop  c o n t r o l s  c o n s i s t  o f :  
Commands: A l t i t u d e ,  Mach number, a n g l e - o f - a t t a c k ,  f l i g h t  pa th  ang le ,  
r o l l  a t t i t u d e ,  ang le  of s i d e  s l i p ,  ro l l -p i t ch -yaw body 
r a t e s .  
Openloop Con t ro l s :  T h r o t t l e ,  e l e v a t o r ,  rudder  and d i f f e r e n t i a l  t a i l .  
I n  t h e  f o l l o w i n g ,  t h e  maneuver modeling f o r  i n d i v i d u a l  f l i g h t  t e s t  
t r a j e c t o r i e s  w i l l  be d i scussed  i n  d e t a i l .  I t  i s  important  t o  no te  t h a t  a l l  
t h e s e  maneuvers assume z e r o  s i d e s l i p .  
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3.2.1 T r a n s i e n t  T r a j e c t o r y  
The o b j e c t i v e  of t h i s  maneuver is  t o  t r a n s f e r  an  a i r c r a f t  f l y i n g  
s t r a i g h t  and l e v e l  a t  a Mach-a l t i tude  p a i r  t o  a n o t h e r  Mach-a l t i tude  p a i r  a t  
a d e s i r e d  f l i g h t  p a t h  a n g l e .  T h i s  maneuver i s  normally employed as t h e  
i n i t i a l - t e r m i n a l  t r a n s i e n t  t o  o t h e r  f l i g h t  t e s t  maneuvers and hence t h e  
name. 
The s i m p l e s t  way t o  mechanize t h i s  maneuver t o  assume a c u b i c  poly- 
nomial i n  time f o r  t h e  a l t i t u d e .  Thus,  
h = h, + a , t  + a , t2  + a s t 3 ;  to  - < t 5 tf 
from which  
2 6 = a ,  + 2 a 2 t  + 3 a , t  
(3 .1 )  
(3 .2 )  
The requi rement  fo r  a c u b i c  polynomial ar ises  from t h e  c o n s t r a i n t s  t h a t  one 
wi shes  t o  p l a c e  a t  t h e  two e n d s ,  i . e . ,  i n i t i a l  and f i n a l  a l t i t u d e s  a re  
s p e c i f i e d  a l o n g  w i t h  a l t i t u d e  ra tes  a t  t he  two boundar ies .  
development,  c o n s t a n t  a c c e l e r a t i o n  a l o n g  t h e  f l i g h t  p a t h  is  assumed n e x t ,  
v i z ,  
To s i m p l i f y  t h e  
v = v ,  + f t ,  (3 .3)  
where 
V f  - v o  
tf 
, V is t h e  s p e c i f i e d  f i n a l  speed  and t t h e  f i n a l  f f ’  v =  
time. 
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A s  no ted  elsewhere, a d a t a  base c o n s i s t i n g  of  s t r a i g h t  and l e v e l  trims 
a t  s e v e r a l  Mach-a l t i tude  p a i r s  are a v a i l a b l e .  
Assuming t h a t  t h e  p a t h  a n g l e  i s  small ,  such  t h a t  
L i f t  = weight 
a long  t h i s  maneuver, t he  a n g l e  of  a t t a c k  h i s t o r y  can be gene ra t ed  by 
l i n e a r l y  i n t e r p o l a t i n g  between s t o r e d  s t r a i g h t  and l e v e l  trim da ta  a t  t h e  
Mach number - a l t i t u d e  g iven  by t h e  e q u a t i o n s  ( 3 . 1 )  and ( 3 . 3 ) .  S i n c e  t h e  
a n g l e  of a t t ack  w i l l  be c l o s e  t o  t h e  s t r a i g h t  and l e v e l  trim v a l u e s ,  t h e  
aerodynamic s u r f a c e  s e t t i n g  a t  these  trims can be used t o  g e n e r a t e  approxi-  
mate open l o o p  c o n t r o l  s e t t i n g s .  Assuming nex t  t h a t  under  these c o n d i t i o n s ,  
t h e  a c t u a l  drag is  c l o s e  t o  t h e  trim v a l u e s ,  t h e  r e q u i r e d  t h r u s t  may be 
computed as  f o l l o w s .  
Assuming t h a t  t h e  a i r c r a f t  t h r u s t  i s  a l i g n e d  w i t h  t h e  v e h i c l e  
l o n g i t u d i n a l  ax is ,  t h e  a c c e l e r a t i o n  a l o n g  t h e  f l i g h t  p a t h  f o r  symmetric 
f l i g h t  i s  g iven  by 
Tcosatrim-D 
m v =  - g s inY ( 3 . 4 )  
I n  t h e  e x p r e s s i o n  (3.41,  T is t h e  t h r u s t ,  Y f l i g h t  p a t h  a n g l e ,  a t h e  
a n g l e  of a t t a c k ,  D t h e  aerodynamic d rag ,  rn t h e  a i r c r a f t  mass and V t h e  
v e l o c i t y  a l o n g  t h e  f l i g h t  pa th .  I n  o r d e r  t o  compute t h e  r e q u i r e d  t h r u s t ,  
t h e  e q u a t i o n  ( 3 . 4 )  can be manipula ted  t o  t h e  form given  below 
( t  + gsinY)m + D 
cosa  T =  trim 
(3.5)  
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To compute t h e  t h r o t t l e  s e t t i n g ,  a l i n e a r  t h r u s t - t h r o t t l e  c h a r a c t e r i s t i c  
w i l l  be assumed. T h u s ,  
- Ttrim - -  
Tmax ‘trim ’ 
( 3 . 6 )  
i s  t h e  s t r a i g h t  and  l e v e l  t h r o t t l e  s e t t i n g  and Tmax is t h e  t h r u s t  ‘trim 
corresponding  t o  maximum t h r o t t l e  s e t t i n g .  
( 3 . 7 )  
D u r i n g  t h i s  maneuver, one expec t s  t h e  body r a t e s  t o  be s m a l l .  
t h e  commanded va lues  of t h e s e  q u a n t i t i e s  are ze ro .  
Consequent ly ,  
If t h e  t h r o t t l e  s e t t i n g  emerging from t h i s  a n a l y s i s  i s  g r e a t e r  t han  
t h e  maximum o r  l e s s  t h a n  t h e  minimum, i t  i n d i c a t e s  t h a t  t h e  assumed t ime of 
f l i g h t  f o r  t h e  maneuver i s  u n r e a l i s t i c  o r  t h a t  t h e  model is inadequa te  o r  
both .  
maneuver f e a s i b l e .  
T h i s  q u a n t i t y  has  then  t o  be changed a p p r o p r i a t e l y  t o  make t h e  
3.2.2 Level Acce le ra t  i on/Decel e r a t  i on 
T h i s  is  a wings l e v e l ,  c o n s t a n t  a l t i t u d e  maneuver w i t h  Mach number 
c o n s t a n t  o r  changing a t  a s p e c i f i e d  r a t e .  
t r a j e c t o r y  i s  e s s e n t i a l l y  a s u b s e t  of t h e  t r a j e c t o r y  3.2.1.  
a ,=a,=a,=O i n  ( 3 . 1 )  resu l t s  i n  
T h e  maneuver modeling f o r  t h i s  
P u t t i n g  
h = h, ,  c o n s t a n t  
Y = 0,  c o n s t a n t  (3 .8)  
and V = V ,  + i t ,  w i t h  \i s p e c i f i e d .  
The r e q u i r e d  t h r u s t  and the  cor responding  t h r o t t l e  can be computed as i n  
3.2.1.  The open l o o p  c o n t r o l  surface s e t t i n g s  and t h e  o t h e r  commands a re  
l i n e a r l y  i n t e r p o l a t e d  from t h e  s t r a i g h t  and l e v e l  trim da ta  base. 
3.2.3 Pushover ,  P u l l u p  
T h i s  is  a wings l e v e l ,  c o n s t a n t  Mach number maneuver ,n  whic.. t h e  
a n g l e  of  a t t a c k  i s  v a r i e d  a spec i f i ed  increment  about t h e  trim v a l u e  a t  sane 
s p e c i f i e d  ra te .  The maneuver is  shown i n  F i g .  3.1. The cor responding  a n g l e  
of a t t ack  h i s t o r y  is  given i n  F i g .  3.2. 
F i g u r e  3.1. Pushover - P u l l u p  F l i g h t  Test T r a j e c t o r y .  
2 1  
5 
S t r a i  
F i g u r e  3.2. Angle of  Attack H i s t o r y  Along t h e  Pushover - P u l l u p  
F l i g h t  Tes t  T r a j e c t o r y .  
The maneuver modeling f o r  t h i s  f l i g h t  t e s t  t r a j e c t o r y  u s e s  t h e  assump- 
t i o n  t h a t  p i t c h  r a t e  i s  c l o s e  t o  ze ro .  
f l i g h t ,  t h e  f l i g h t  p a t h  a n g l e  Y can be c a l c u l a t e d  as t h e  d i f f e r e n c e  between 
t h e  p i t c h  a t t i t u d e  and 0 and t h e  a n g l e  of  a t t a c k  a .  
S i n c e  t h e  a i r c r a f t  i s  i n  symmetr ic  
Thus 
Y = O - a ,  ( 3 . 9 )  
and u is s p e c i f i e d  as a f u n c t i o n  of time, t h e  f l i g h t  p a t h  a n g l e  can be com- 
puted.  Now, 
(3 .10)  
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where C is t h e  s p e e d  of sound s p e c i f i e d  as a f u n c t i o n  of a l t i t u d e  h and M 
is  t h e  d e s i r e d  Mach number. 
n u m e r i c a l l y  i n t e g r a t e d  t o  y i e l d  t h e  a l t i t u d e  h i s t o r y .  
may be computed from t h e  f o l l o w i n g  e q u a t i o n s .  
Equat ion  ( 3 . 1 0 )  can be a n a l y t i c a l l y  o r  
The t h r o t t l e  s e t t i n g  
S i n c e  Mach number i s  t o  remain c o n s t a n t  th roughout  t h e  maneuver, one  
V can d i f f e r e n t i a t e  t h e  e x p r e s s i o n  f o r  Mach number ( M  = C )  w i t h  r e s p e c t  t o  
time and e q u a t e  t o  z e r o  t o  o b t a i n  
s u b s t i t u t i n g  f o r  from (3 .10 ) ,  one  has 
v2 ac i = - -sinY c ah 
Equa t ing  e x p r e s s i o n s  (3.12) and (3 .41,  one  has 
v 2  ac TCosa - D - gsinY - -sinY = c ah m 
From which 
v 2  ac msinY D 
c ah Cosa Cosa T = [- - + g]-- + - 
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(3 .11)  
(3 .12)  
(3 .13)  
( 3 . 1 4 )  
The d rag  a t  t h e  commanded a n g l e  of a t t a c k  can be computed from l i n e a r i z e d  
drag  c o e f f i c i e n t  s p e c i f i e d  as a f u n c t i o n  of a ,  t h e  dynamic p r e s s u r e  and t h e  
r e f e r e n c e  a r e a .  A s  b e f o r e ,  t h e  l i n e a r  t h r o t t l e  assumption i s  invoked t o  
compute t h e  t h r o t t l e  s e t t i n g .  
“trim 
“ a c t u a l  Ttrim 
= T o - - -  (3.15) 
3.2.4 Zoom and Pushover 
The zoom and pushover i s  a wings - l eve l ,  t h r u s t  s t a b i l i z e d  less than  l g  
maneuver. The f l i g h t  t r a j e c t o r y  is  a p a r a b o l i c  pa th  w i t h  t h e  t a r g e t  
Mach /a l t i t ude /ang le  of a t t a c k  p o i n t  a t  t h e  apex. An i l l u s t r a t i o n  of t h e  
zoom and pushover f l i g h t  t es t  t r a j e c t o r y  is  g iven  i n  F ig .  3.3. The  maneuver 
begins a t  0 w i t h  s t r a i g h t  and l e v e l  f l i g h t  c o n d i t i o n s .  A t ransient-maneuver  
is performed t o  t r a n s f e r  t h e  a i r c r a f t  t o  t h e  p o i n t  A w i t h  a l l  c o n t r o l s  
a c t i v e .  A t  t h e  p o i n t  A ,  t h e  t h r o t t l e  i s  f i x e d  a t  a predetermined va lue  and 
t h e  a i r c r a f t  e x e c u t e s  t h e  zoom and pushover t r a j e c t o r y .  A t  t h e  p o i n t  B ,  t h e  
t h r u s t  c o n t r o l  is r e i n s t a t e d  and a t r a n s i e n t  t r a j e c t o r y  t r a n s f e r s  t h e  
a i r c r a f t  back t o  s t r a i g h t  and l e v e l  f l i g h t  c o n d i t i o n s  a t  p o i n t  C .  
L e  - - ’ - - - 
k V 3 r i a b l e  t h r o t  t l c -b ixed  t h r o t  tl-Variable t h r o t t l e  4 
F i g u r e  3.3. Zoom and Pushover F l i g h t  Test T r a j e c t o r y .  
2 4  
T h i s  is perhaps  t h e  most compl ica ted  of  a l l  t h e  symmetr ic  f l i g h t  t e s t  
maneuvers. T h i s  f l i g h t  t es t  t r a j e c t o r y  c o n s i s t s  of t h ree  phases .  I n  t h e  
f irst  phase ,  t h e  a i r c ra f t  i s  t r a n s f e r r e d  from its  s t r a i g h t  and l e v e l  f l i g h t  
c o n d i t i o n  t o  t h e  beginning  of t h e  p a r a b o l i c  f l i g h t  pa th .  The second phase  
is t h e  r e q u i r e d  zoom and pushover maneuver fo l lowed by t h e  t h i r d  phase which 
b r i n g s  t h e  a i r c r a f t  back t o  i ts o r i g i n a l  s t r a i g h t  and l e v e l  f l i g h t  condi- 
t i o n s .  The first and t h i r d  phase maneuvers are e s s e n t i a l l y  t r a n s i e n t s  and 
t h e  maneuver model ing d i s c u s s e d  i n  3.2.1 i s  d i r e c t l y  a p p l i c a b l e .  The second 
phase w i l l  be ana lyzed  i n  t h i s  s e c t i o n .  
A p a r a b o l i c  f l i g h t  p a t h  has t h e  f o l l o w i n g  p r o p e r t i e s  
1 .  H o r i z o n t a l  a c c e l e r a t i o n  is z e r o  
2. Vertical a c c e l e r a t i o n  is c o n s t a n t  
3. T o t a l  energy  is c o n s t a n t .  
S i n c e  t h e  apex speed is  s p e c i f i e d ,  say  V one  has T ’  
T x = VcosY = c o n s t a n t  = V 
Here, x is t h e  down range .  Note t h a t  s i n c e  t h e  a i r c ra f t  i s  i n  
symmetric f l i g h t ,  t h e  c r o s s  r ange  is zero .  Thus,  
V -1 T Y = - + c o s  Cij-1 (3.16)  
a p o s i t i v e  o r  n e g a t i v e  s i g n  has t o  be chosen based on  whether t h e  a i r c r a f t  
i s  f l y i n g  towards  t h e  apex o r  away from i t .  
From t h e  g iven  apex speed ,  a n g l e  of a t t a c k  and a l t i t u d e ,  t h e  l i f t  and 
d r a g  can be computed u s i n g  t h e  s t r a i g h t  and l e v e l  trims da ta  base u s i n g  
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l i n e a r i z e d  aerodynamic c o e f f i c i e n t s .  From cons tan t  energy p rope r ty ,  one 
h a s ,  a t  t h e  apex of t h e  pa rabo la ,  
TCosa = D 
T (3 .17)  
From which, t h e  t h r o t t l e  s e t t i n g  a t  t h e  apex can be computed a s  fo l lows  
‘trim 
‘ac tua l  Ttrim 
= T O -  (3 .18 )  
w i t h  l i f t  and  t h r u s t ,  t h e  v e r t i c a l  a c c e l e r a t i o n  a t  t h e  apex can be comguted. 
Thus  
TsinaT + L 
m - g = g a  (3 .19)  
Note t h a t  ga shou ld  be a n e g a t i v e  q u a n t i t y ,  numer i ca l ly  l e s s  t h a n  t h e  
a c c e l e r a t i o n  due t o  g r a v i t y  g. The a c c e l e r a t i o n  g has t o  remain cons t an t  
through t h e  p a r a b o l i c  pa th .  To summarize, t h e  a i r c r a f t  t r a j e c t o r y  approxi -  
mates  t h e  p a t h  of a p r o j e c t i l e  i n  a uniform c o n s e r v a t i v e  f o r c e  f i e l d .  
t o t a l  energy of t h e  a i r c r a f t  i n  t h i s  f i e l d  is  given by 
a 
The 
= c o n s t a n t  V 2  E = h + - -  (3 .20)  
Express ion  (3.20)  can be used  t o  compute t h e  speed  a long  t h e  p a r a b o l i c  p a t h ,  
g iven  t h e  a l t i t u d e .  
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N e x t ,  g iven  t h e  a l t i t u d e  a t  which t h e  pa rabo la  i s  t o  b e g i n ,  and 
perhaps  end ,  one can write 
ga h = h, + h o t  + -t2 2 
w i t h  h, computed u s i n g  t h e  f o l l o w i n g  r e l a t i o n s ,  
V -1 T Yo = cos [-I 
v O  
and 
h, = V,sinY, 
(3.21 ) 
(3 .22)  
The time of f l i g h t  on t h i s  p a r a b o l a  i s  e a s i l y  computed w i t h  e q u a t i o n  (3 .21)  
i n  t h e  g e n e r a l  case o r  w i t h  t h e  f o l l o w i n g  e q u a t i o n  i f  t h e  zoom and pushover 
p a r a b o l a  i s  symmetric about  i ts  axis .  
(3 .23)  
Note t h a t  t h e  t h r o t t l e  is  t o  remain f i x e d  a t  t h e  value g iven  by t h e  e q u a t i o n  
(3.18). The a n g l e  of a t t ack  th roughou t  t h e  p a r a b o l i c  p a t h  is computed from 
T-a  + Lo + Loa 
m 'a - gcosy = 
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(3.24) 
and sma l l  ang le  approximation f o r  a has been used. ‘actual  w i t h  T = Tmax 
The open loop  c o n t r o l  s u r f a c e  s e t t i n g s  a r e  assumed t o  be t h e  i n t e r -  
po la ted  va lues  from t h e  s t r a i g h t  and l e v e l  trim da ta  base.  
3.2.5 Excess T h r u s t  Windup Turn 
T h i s  is a maneuver w i t h  a n g l e  of a t t a c k  l i n e a r l y  i n c r e a s i n g  from t h e  
wings- leve l  trim c o n d i t i o n  t o  some s p e c i f i e d  f i n a l  value a t  a s p e c i f i e d  
r a t e .  The maneuver i s  performed a t  cons t an t  a l t i t u d e  and cons t an t  Mach 
number. A schemat ic  f i g u r e  of t h i s  maneuver i s  shown i n  F i g .  3.4. 
F igu re  3.4. Excess T h r u s t  Windup Turn F l i g h t  T e s t  T r a j e c t o r y .  
As mentioned e l sewhere  i n  t h i s  r e p o r t ,  t h e  trim d a t a  base c o n s i s t s  of 
s t r a i g h t  and l e v e l  trims a t  s e v e r a l  Mach-a l t i tude  p a i r s  a long  w i t h  l e v e l  
t u r n s  a t  s e v e r a l  Mach-alti tude- load  f ac to r  c o n d i t i o n s .  S i n c e  e x c e s s  t h r u s t  
windup t u r n  can be cons ide red  t o  c o n s i s t  of s e v e r a l  l e v e l  t u r n  trim condi-  
t i o n s  a p p r o p r i a t e l y  p i e c e d  t o g e t h e r ,  t h i s  maneuver model is mere ly  a 3- 
Dimensional i n t e r p o l a t i o n  u s i n g  t h e  trim data  base. 
3.2.6 Cons tan t  T h r o t t l e  Windup Turn 
T h i s  i s  a maneuver w i t h  a n g l e  of a t tack  i n c r e a s i n g  l i n e a r l y  a t  a 
s p e c i f i e d  r a t e  from trim t o  some s p e c i f i e d  f i n a l  va lue .  The maneuver i s  
performed a t  a p rede te rmined ,  c o n s t a n t  t h r u s t  l e v e l .  Mach number i s  main- 




S i n c e  Mach number i s  c o n s t a n t ,  one  can wri te  as i n  e q u a t i o n  (3.12)  
i = - -  ’* sinY 
C ah (3 .25)  
I 
! F u r t h e r ,  s i n c e  t h e  a l t i t u d e ,  Mach number and a n g l e  of a t t ack  a t  t h e  i n i t i a l  
p o i n t  are known, one  can compute 
I 
(3 .26)  
from t h e  trim data  base. 
t he  a c t u a l  t h r u s t  
Let t h e  t h r o t t l e  be f i x e d  a t  a v a l u e  nR. Thus,  
I 
= Tmax ‘R (3 .27)  
2s 
I f  t h e  a c t u a l  t h r u s t  TR is g r e a t e r  t han  t h a t  r e q u i r e d  f o r  l e v e l  t u r n  a t  t h e  
given Mach-a l t i tude-angle  of a t t a c k  c o n d i t i o n ,  t h e  Mach number can be main- 
t a i n e d  cons t an t  o n l y  by  a p o s i t i v e  a l t i t u d e  r a t e .  The r e v e r s e  a p p l i e s  when- 
ever T 
be 
is  l e s s  than  Ttrim. Let t h e  excess  t h r u s t  over t h e  l e v e l  t u r n  trim R 
trim A T - T  - R 
Now, one has 
v2 ac AT Cosa - gsinY - -sinY = 
C ah  m 
from which , 
-1  ATCosa 
= sin i C v 2  ah c I m(- - + g >  
(3 .28 )  
( 3 . 2 9 )  
(3 .30)  
Also ,  
li = VsinY (3 .31)  
The e x p r e s s i o n  ( 3 . 3 1 )  can be n u n e r i c a l l y  i n t e g r a t e d  over  one s t e p  t o  o b t a i n  
t h e  new a l t i t u d e .  The c a l c u l a t i o n s  may be r e p e a t e d  as many times a s  one 
wi shes  t o  o b t a i n  t h e  t r a j e c t o r y .  
3c 
I t  is  impor tan t  t o  begin  t h i s  t r a j e c t o r y  a t  a h igh-g  t u r n ,  s i n c e  
f i x i n g  t h e  t h r o t t l e  a t  a s t r a i g h t  and l e v e l  c o n d i t i o n  c a n  r e s u l t  i n  an 
i n i t i a l  a c c e l e r a t i o n  o r  a h igh  p a t h  a n g l e  c l imb/descent .  Hence, i n  o r d e r  t o  
a v o i d  c o n f u s i o n ,  t h i s  maneuver r e q u i r e s  a n  i n i t i a l  and t e r m i n a l  maneuver. 
Thus three phases  are r e q u i r e d  t o  e x e c u t e  t h i s  maneuver. 
1. A t r a j e c t o r y  beginning  a t  s t r a i g h t  and l e v e l  f l i g h t  a t  t h e  
d e s i r e d  Mach-a l t i tude  p a i r  and ending  a t  a h igh-g  l e v e l  t u r n  w i t h  
a l l  c o n t r o l  s u r f a c e s  and t h r o t t l e  a c t i v e .  
2. Cons tan t  t h r u s t  windup t r a j e c t o r y .  
3. Terminal maneuver a t  c o n s t a n t  a l t i t u d e  t r a n s f e r r i n g  t h e  v e h i c l e  
from t h e  l e v e l  t u r n  a t  c o n s t a n t  t h r u s t  c o n d i t i o n s  t o  s t r a i g h t  and 
l e v e l  f l i g h t .  
A t y p i c a l  c o n s t a n t  t h r u s t  windup t u r n  t r a j e c t o r y  i s  g iven  i n  F i g .  3.5. 
F i g u r e  3 . 5 .  Constan t  T h r u s t  Windup Turn  T r a j e c t o r y  Descending F l i g h t .  
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3.2.7 Constant  Dynamic Pressure and Cons tan t  Load Factor  Tra jec tory  
T h i s  maneuver is  i n i t i a t e d  a t  a prede termined  load f a c t o r ,  Mach 
number, and dynamic p r e s s u r e .  Thus ,  t h e  i n i t i a t i o n  of t h i s  maneuver is  no t  
n e c e s s a r i l y  t h e  wings- leve l  c o n d i t i o n .  T h i s  maneuver can be e i t h e r  an  
a scend ing  or descend ing  a t  a spec i f i ed  Mach number r a t e .  Dynamic p r e s s u r e  
and load fac tor  are h e l d  c o n s t a n t  th roughout  t h e  maneuver. A l t i t u d e  i s  
ga ined  o r  l o s t  t o  m a i n t a i n  dynamic p r e s s u r e  w i t h  changing Mach number. 
As i n  t h e  maneuver 3.2.6, t h i s  t r a j e c t o r y  a l s o  r e q u i r e s  three phases .  
The first is a l e v e l  t u r n  t o  a c h i e v e  t h e  r e q u i r e d  load factor  from s t r a i g h t  
and l e v e l  f l i g h t  a t  t h e  d e s i r e d  Mach-a l t i tude  p a i r .  The t h i r d  phase 
restores t h e  a i r c ra f t  t o  s t r a i g h t  and l e v e l  f l i g h t  a t  t h e  f i n a l  Mach- 
a l t i t u d e  c o n d i t i o n .  Both these  maneuvers can be c o n s t r u c t e d  by 
i n t e r p o l a t i n g  between t h e  s tored trim data  p o i n t s  a t  t h e  c u r r e n t  Mach- 
a l t i t u d e - l o a d  fac tor  c o n d i t i o n s .  I n  t he  f o l l o w i n g  we s h a l l  d i s c u s s  t h e  
constant dynamic p r e s s u r e - c o n s t a n t  l o a d  f a c t o r  t r a j e c t o r y  modeling. Note 
t h a t  t h i s  development does n o t  depend e x p l i c i t l y  o n  t h e  load f a c t o r .  Thus,  
t h i s  model is v a l i d  f o r  a l l  l oad  f a c t o r s  i n c l u d i n g  a c o n s t a n t  u n i t y  load  
f ac to r ,  wings l e v e l ,  c o n s t a n t  dynamic p r e s s u r e  t r a j e c t o r y .  
The dynamic pressure, Q is  g iven  by 
1 
Q = T p ( h )  V 2  (3.32) 
D i f f e r e n t i a t i n g  t h e  e x p r e s s i o n  ( 3 . 3 2 )  w i t h  r e s p e c t  t o  time and u s i n g  t h e  
a l t i t u d e  r a t e  e q u a t i o n ,  w i t h  6 = 0 ,  one  has 




S i n c e  t h e  Mach number is given by 
M = V / C ( h ) ,  
i n  o r d e r  t o  ma in ta in  8 d e s i r e d  Mach r a t e ,  one m u s t  have 
A = -  t v2 ac  - - s i n Y  ah  
f r om ~ whi ch 
v2 ac t = k + c - s i n Y  ah 
Equat ing  t h e  e x p r e s s i o n s  (3 .33 )  and ( 3 . 3 4 ) ,  one has 
Y = S i n  
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(3 .33)  
(3 .34)  
(3 .35)  
There a r e  two impor tan t  conclus ions  t h a t  can be drawn from t h e  expres s ion  
(3.35)  
a P  ac 1 .  S ince  - a n d  - a r e  n e g a t i v e  ( d e n s i t y  and speed of sound dec rease  
w i t h  i n c r e a s i n g  a l t i t u d e ) ,  a p o s i t i v e  fi w i l l  r e s u l t  i n  a c l imbing 
t r a j e c t o r y  w h i l e  a n e g a t i v e  fi w i l l  y i e l d  a descending pa th .  
ah  ah  
a r e  a P  2. T h i s  maneuver cannot  be flown a t  a l t i t u d e s  where - and - ah  ah 
n e a r l y  ze ro  u n l e s s  t h e  d e s i r e d  Mach r a t e  is  a l s o  ze ro .  
As b e f o r e ,  t h e  a l t i t u d e  r a t e  equa t ion  
L = VsinY (3 .36)  
may be numer i ca l ly  i n t e g r a t e d  over  a smal l  t ime  s t e p  t o  o b t a i n  t h e  new 
a l t i t u d e .  The a c t u a l  t h r o t t l e  s e t t i n g  i s  aga in  computed from t h e  l e v e l  t u r n  
t r i m  t h r u s t  and t h r o t t l e  s e t t i n g  a t  t h e  c u r r e n t  Mach-a l t i tude- load  f a c t o r  a s  
f o l l o w s  . 
(3 .37)  
(3 .38)  
(3 .39)  
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The a n g l e  of a t t a c k  and drag  i n  t h e  e x p r e s s i o n  (3.38) a r e  t h e  i n t e r p o l a t e d  
v a l u e s  from t h e  trim data  base a t  t h e  c u r r e n t  Mach-a l t i tude- load  f a c t o r .  
The Mach number as a f u n c t i o n  of time i s  o b t a i n e d  from 
M = M, + i t  (3.40)  
The command body r a t e s  and open l o o p  c o n t r o l  surface d e f l e c t i o n s  a re  aga in  
t h e  i n t e r p o l a t e d  v a l u e s  from the trim data base. 
3.2.8 Cons tan t  Reynolds Number and Cons tan t  Load F a c t o r  T r a j e c t o r y  
T h i s  maneuver is  i n i t i a t e d  a t  a prede termined  load  f a c t o r ,  Mach number 
and Reynolds number. Thus ,  t h e  i n i t i a t i o n  of t h i s  maneuver is  no t  
n e c e s s a r i l y  t h e  wings- leve l  c o n d i t i o n .  T h i s  maneuver can be e i t h e r  
a s c e n d i n g  or  descend ing  a t  a spec i f i ed  Mach number r a t e .  Reynolds number 
and load  f a c t o r  are  h e l d  c o n s t a n t  th roughout  t h e  maneuver. A l t i t u d e  i s  
ga ined  o r  l o s t  t o  m a i n t a i n  Reynolds number w i t h  changing Mach number. 
T h i s  maneuver model is d i f f e r e n t  from 3.2.7 o n l y  i n  t h e  way t h a t  one 
computes t h e  f l i g h t  p a t h  a n g l e  and t h e  t h r o t t l e  s e t t i n g .  Hence o n l y  these  
two a s p e c t s  w i l l  be d i s c u s s e d  i n  t h e  f o l l o w i n g .  As i n  maneuver 3.2.7, t h e  
model ing  does n o t  depend e x p l i c i t l y  o n  t h e  l o a d  f a c t o r .  Consequent ly ,  t h e  
f o l l o w i n g  development i s  v a l i d  f o r  a l l  load  f a c t o r s  i n c l u d i n g  a wings l e v e l ,  
u n i t y  load  f a c t o r  - Cons tan t  Reynold ' s  number t r a j e c t o r y .  
The Reynold ' s  number, Re is  g iven  by 
V D p ( h )  , where p is t h e  V i s c o s i t y  of  atmosphere Re = (3.41) 
v ( h )  
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D i f f e r e n t i a t i n g  t h e  e x p r e s s i o n  (3 .41)  w i t h  r e s p e c t  t o  time and us ing  t h e  
a l t i t u d e  r a t e  e q u a t i o n ,  w i t h  Fie = 0 ;  one has 
Equat ing  t h e  expres s ion  ( 3 . 4 2 )  t o  equa t ion  ( 3 . 3 4 ) ,  
(3 .42 )  
(3 .43)  
A s  i n  t h e  c o n s t a n t  dynamic p r e s s u r e ,  c o n s t a n t  l o a d  f a c t o r  f l i g h t  t e s t  t r a -  
j e c t o r y ,  we n o t e  t h a t  t h i s  maneuver cannot be flown a t  a l t i t u d e s  where ah, 
a C  
ah  ah 
a c t u a l  t h r o t t l e  s e t t i n g  can be computed from t h e  l e v e l  t u r n  trim t h r u s t  and 
t h r o t t l e  s e t t i n g  a t  t h e  c u r r e n t  Mach-a l t i tude- load  f a c t o r  a s  f o l l o w s .  
aP 
- and - are  n e a r l y  z e r o  u n l e s s  t h e  d e s i r e d  Mach r a t e  i s  a l s o  ze ro .  The 
1 a P  msinY D - -)V2 + g] -+ - T =  [(;%- P ah  Cosa Cosa 
“trim 
“ a c t u a l  ‘Itrim 
= T -  
(3 .44 )  
(3 .45 )  
To f a c i l i t a t e  e a s i e r  computa t ions ,  a FORTRAN program has been w r i t t e n  
t o  g e n e r a t e  t h e  r e q u i r e d  commands and open l o o p  c o n t r o l  s e t t i n g s  g iven  t h e  
a p p r o p r i a t e  d a t a .  A l i s t i n g  of t h i s  code is  given i n  Appendix C .  
SECTION 4 
MANEWER AUTOPILOT DESIGN 
The p rev ious  s e c t i o n  descr ibed t h e  r e q u i r e d  maneuver model ing,  whereby 
f o r  e i g h t  chosen maneuvers,  a s u b s e t  of t h e  o u t p u t s  are c o n s t r a i n e d  t o  
p r e s p e c i f i e d  time h i s t o r i e s .  For t h e  c o n t r o l  a n a l y s i s  and des ign  done i n  
t h i s  s t u d y  t o  have any v a l u e  when a p p l i e d  t o  t h e  F-15 n o n l i n e a r  s i m u l a t i o n  
or t h e  a c t u a l  a i r c r a f t ,  c o n s i s t e n t  va lues  f o r  a l l  of t he  dynamic s t a t e s  and 
co r re spond ing  c o n t r o l  va lues  a long  t h e  t r a j e c t o r y  must be found.  There are  
a t  l eas t  two s t r a i g h t f o r w a r d  ways t o  g e n e r a t e  t h e  r e q u i r e d  r e f e r e n c e  s t a t e s  
and c o n t r o l s .  F i r s t ,  one  could  i t e r a t i v e l y  s i m u l a t e  w i t h  t h e  n o n l i n e a r  
model  u n t i l  a n  open l o o p  law approximates  t h e  des i r ed  o u t p u t  time h i s t o r i e s .  
T h i s  cou ld  be done s y s t e m a t i c a l l y  w i t h  numer ica l  non l inea r  o p t i m i z a t i o n ,  
u s i n g  a p a r a m e t e r i z a t i o n  of t h e  c o n t r o l  s u r f a c e  and t h r u s t  time h i s t o r i e s ,  
O r  s e c o n d l y ,  one can trim t h e  n o n l i n e a r  s i m u l a t i o n  a t  a number of c o n d i t i o n s  
c l o s e  t o  t h e  d e s i r e d  t r a j e c t o r y  and approximate t h e  dynamic r e f e r e n c e  t r a -  
j e c t o r y  from these trim va lues .  The l a t t e r  approach was chosen both  because 
of t h e  comple teness  and f l e x i b i l i t y  of t h i s  t a b u l a r  r e p r e s e n t a t i o n  of t h e  
n o n l i n e a r  a i r c r a f t  charac te r i s t ics ,  and because of t h e  connec t ion  w i t h  t h e  
p e r t u r b a t i o n  trim c o n t r o l l e r s  des igned  t o  work a l o n g  w i t h  t h e  r e f e r e n c e  t ra -  
jec tory  commands. I t  shou ld  a l s o  be p o i n t a  o u t  t h a t  t h i s  " s t a t i c "  approach 
e l i m i n a t e d  t h e  need f o r  any n o n l i n e a r  s i m u l a t i o n  d u r i n g  the  c o n t r o l  des ign  
s t a g e ,  apar t  from e x e c u t i o n  of a l i n e a r i z i n g  program [ l l ]  which c o n t a i n s  t h e  
n o n l i n e a r  F - l 5  a i r c r a f t  e q u a t i o n s .  
The nex t  s u b s e c t i o n  shows how a t a b l e  of trim v a l u e s  can be used t o  
deve lop  a " l i n e a r  model" of t h e  e n t i r e  F-15 f l i g h t  t e s t  sys tem f o r  des ign  
and e v a l u a t i o n  o f  t he  a i r c r a f t  dynamic r e s p o n s e  i n  s p e c i f i e d  n o n l i n e a r  
maneuvers. A second s u b s e c t i o n  o u t l i n e s  two d i f f e r e n t  l i n e a r  c o n t r o l  d e s i g n  
t e c h n i q u e s ,  e v a l u a t i n g  t h e i r  s t r e n g t h s  and weaknesses ,  g i v i n g  p e r t u r b a t i o n  
c o n t r o l l e r  d e s i g n s  u s i n g  these two t echn iques .  A f i n a l  s u b s e c t i o n  p r e s e n t s  
an  assessment  and e x t e n s i o n  of t he  n o n l i n e a r  p r e l i n e a r i z i n g  c o n t r o l  
t e c h n i q u e  [12 ] ,  t h e  a p p l i c a t i o n  of which w i l l  be demonst ra ted  i n  t h e  n e x t  
s t u d y  phase ,  a l o n g  w i t h  l i n e a r  g a i n  schedu led  c o n t r o l l e r s ,  on t h e  f u l l  
n o n l i n e a r  dynamic s i m u l a t i o n .  
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4.1 THE F-15 FLIGHT TEST SYSTEM "LINEAR"  MODEL 
I t  must  be emphasized t h a t  w h i l e  t h e  c o n t r o l  des ign  approaches demons- 
t ra ted  i n  t h i s  work a r e  based on l i n e a r  models,  t h e  maneuvers d e s i r e d  a r e  
h i g h l y  n o n l i n e a r .  As d i scussed  above,  t h e  non l inea r  c h a r a c t e r i s t i c s  of t h e  
F-15 are condensed i n t o  a t a b l e  of trim v a l u e s ,  which when p rope r ly  used 
w i t h  l i n e a r  p e r t u r b a t i o n  c o n t r o l l e r s  g i v e s  a l i n e a r  t ime  vary ing  s i m u l a t i o n  
which a c c u r a t e l y  r e p r e s e n t s  t h e  non l inea r  a i r c r a f t  response  through t h e  
non l inea r  maneuvers. Adequate c o n t r o l  through t h e  non l inea r  maneuvers 
r e q u i r e s  not  on ly  c o n s i s t e n t  open loop  r e f e r e n c e  commands b u t  1 inea r  
p e r t u r b a t i o n  gain-scheduled c o n t r o l l e r s  as w e l l .  The gain-scheduled 
p e r t u r b a t i o n  c o n t r o l l e r s  a r e  des igned  e f f i c i e n t l y  by decomposing t h e  d e s i r e d  
e i g h t  maneuvers i n t o  15  l i n e a r  des ign  p o i n t s  f o r  both t h e  f i x e d  and v a r i a b l e  
t h r o t t l e  ca ses .  
4.1.1 The F-15 Nonlinear  Tabular  Model 
The n o n l i n e a r  dynamics of t h e  F-15 can be r e p r e s e n t e d  over  t h e  
envelope w i t h  a s u f f i c i e n t  number of trim va lues  ? and fi :  1 4 5  p o i n t s  were 
s t o r e d ,  d i s t r i b u t e d  as shown on t h e  al t i tude-Mach p lane  i n  F i g u r e  4-1. 
A much c o a r s e r  g r i d  of f l i g h t  c o n d i t i o n s ,  than shown i n  t h i s  f i g u r e  
f o r  t h e  r e f e r e n c e  t r a j e c t o r y ,  was used  f o r  t h e  l i n e a r  p e r t u r b a t i o n  models 
about t h e  t r a j e c t o r y ,  and consequent ly  i n  t h e  l i n e a r  c o n t r o l  des ign  s t a g e .  
Table 4-1 shows t h e  c o a r s e  d i s c r e t i z a t i o n  cons idered .  S i n c e  i t  becomes 
i n c r e a s i n g l y  d i f f i c u l t  t o  trim t h e  a i r c r a f t ,  p a r t i c u l a r l y  a t  h igh  l o a d  
f a c t o r s ,  i n  t h e  o f f -d i agona l  p o i n t s  i n  t h e  a l t i tude-Mach p l a n e ,  o n l y  f i v e  
c o n d i t i o n s ,  t h e  d iagonal  ones i n d i c a t e d  i n  Tab le  4-1, were u s e d  w i t h  t h e  
three d i f f e r e n t  l o a d  f a c t o r s  -- l g ,  38,  and 4g. The e i g h t  maneuvers were 
i n i t i a t e d  a t  d i f f e r e n t  c o n d i t i o n s  ( s e e  S e c t i o n  3 )  t o  e x e r c i s e  c o n t r o l l e r s  a t  
va r ious  p o i n t s  on t h e  f l i g h t  envelope .  
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1 Ok X 
39 
The trim c o n d i t i o n s  used i n  t h i s  work a r e  t h o s e  w i t h  - = 0 ,  namely t h e  
n e t  f o r c e s  and moments a r e  zero .  S ince  a l t i t u d e  r a t e  i s  z e r o ,  a l oad  f a c t o r  
g r e a t e r  t h a n  one a u t o m a t i c a l l y  p u l l s  t h e  a i r c r a f t  i n t o  a l e v e l  t u r n  trim. 
The s t a t i c  n a t u r e  of t h e  trim p o i n t s  is  overcome i n  c o n s t r u c t i n g  a 
dynamic r e f e r e n c e  t r a j e c t o r y  by  assuming a ramp i n  v e l o c i t y  f o r  a s p e c i f i e d  
t ime of t r a n s i t i o n  between two trim p o i n t s .  T h i s  cons t an t  dV/d t  y i e l d s  the  
t h r u s t  ad jus tment  necessa ry  t o  add t o  t h e  trimmed t h r u s t  f o r  a "dynamic" 
r e f e r e n c e  t h r u s t  and - V command. 
a d j u s t e d  - x command i n  a l l  t h e  s t a t e s ;  however, t h e  r e q u i r e d  computation and 
s t o r a g e  is l a r g e .  T h e r e f o r e ,  on ly  t h e  feedforward  t h r u s t  ( o r  t h r o t t l e )  com- 
mand i s  a d j u s t e d  a s  desc r ibed  h e r e ,  and t h e  l i n e a r  p e r t u r b a t i o n  c o n t r o l l e r  
g e n e r a t e s  t h e  e x t r a  t r a n s i e n t  c o n t r o l  commands necessa ry  f o r  a l l  t h e  s t a t e s  
t o  t r a n s i t i o n  between t h e  trim p o i n t s .  T h i s  mechanizat ion i s  d i scussed  mme 
f u l l y  i n  t h e  n e x t  s u b s e c t i o n .  
Conceptua l ly ,  one could s o l v e  f o r  an 
I n  summary, t h e  non l inea r  F-15 model r e q u i r e d  f o r  e i g h t  non l inea r  
maneuvers has  been r e p r e s e n t e d  b y  a t a b u l a r  d e s c r i p t i o n  of t r i m  values of 
t h e  n o n l i n e a r  s i m u l a t i o n  a t  d i s c r e t e  p o i n t s  on t h e  f l i g h t  envelope.  The 
number of p o i n t s  used t o  r e p r e s e n t  t h e  r e f e r e n c e  command i s  much f i n e r  than 
f o r  t h e  l i n e a r  models because t h e  r e f e r e n c e  command e f f e c t i v e l y  c o n t a i n s  t h e  
n o n l i n e a r  behavior  i n  i t .  Load f a c t o r s  g r e a t e r  t han  one ,  l e v e l  t u r n  t r i m s ,  
have been used t o  g e n e r a t e  t h e  asymmetric models.  
By keeping t h e  l i n e a r  p e r t u r b a t i o n  model g r i d  c o a r s e ,  o n l y  a few per- 
t u r b a t i o n  c o n t r o l l e r s  need be des igned ,  reducing  both l i n e a r  model 
s c h e d u l i n g  and g a i n  schedu l ing  r equ i r emen t s  i n  t h e  l i n e a r  t ime-varying 
s i m u l a t i o n  v a l i d a t i o n s .  Nonlinear s i m u l a t i o n s  i n  t h e  next  r e s e a r c h  phase 
w i l l  confirm whether o r  no t  t h e  number of des ign  p o i n t s  is s u f f i c i e n t .  
Accura t e ly  speak ing ,  t h e  f f c o n t r o l l e r " ,  is  not  merely t h e  l i n e a r  p e r t u r b a t i o n  
g a i n s ,  b u t  t h e  way they  a r e  mechanized a long  w i t h  t h e  r e f e r e n c e  commands. 
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4 .1 .2  L i n e a r  P e r t u r b a t i o n  C o n t r o l l e r s  
C u r r e n t l y ,  c o n t r o l  systems f o r  non l inea r  p l a n t s  are s y n t h e s i z e d  us ing  
p e r t u r b a t i o n  models o r  t h e  s o  c a l l e d  l i n e a r i z e d  p l a n t  models i n  con junc t ion  
w i t h  t h e  powerful l i n e a r  s y s t e m  des ign  approaches.  The c o n t r o l l e r s  s o  
o b t a i n e d  may be termed L i n e a r  P e r t u r b a t i o n  C o n t r o l l e r s  t o  deno te  t h e  l i n e a r  
n a t u r e  of t he  c o n t r o l l e r s  and t o  i n d i c a t e  t h e i r  f u n c t i o n ,  v i z ,  c o n t r o l l i n g  
p e r t u r b a t i o n s  about  t h e  r e f e r e n c e  cond i t ion .  If t h e  system i s  r e q u i r e d  t o  
t r a c k  a g iven  command, t h e  p e r t u r b a t i o n  models need t o  be gene ra t ed  a t  
s e v e r a l  o p e r a t i n g  p o i n t s  a long  t h e  command h i s t o r y  and c o n t r o l l e r s  des igned .  
I n  h i g h l y  n o n l i n e a r  s y s t e m s  such a s  a i r c r a f t ,  t h e s e  c o n t r o l l e r s  can d i s p l a y  
s i g n i f i c a n t  v a r i a t i o n s ,  o f t e n  r e q u i r i n g  these t o  be scheduled  as a f u n c t i o n  
of t h e  independent  v a r i a b l e .  
The o b j e c t i v e  of t h e  c o n t r o l l e r  is  t o  ensu re  t h a t  a given non l inea r  
system 
J = f (X,U)  ( 4 . 1 )  
f o l l o w s  a g iven  t r a j e c t o r y  - X ( t ) .  
t u r b a t i o n  models or t h e  l i n e a r i z e d  models ,  some p o i n t s  a long  t h e  d e s i r e d  
t r a j e c t o r y  - X ( t >  a r e  s e l e c t e d ,  s a y  -1 X ’ -2’ X -3 X . . . . A s e t  of c o n t r o l s  
co r re spond ing  t o  t h e s e  p o i n t s ,  -1 U ’ -2’ U -3 U . . . . a r e  nex t  computed such  
that 
Here X E E n ,  U E Em.  To o b t a i n  t h e  per-  
Note t h a t  t h i s  is not  t h e  o n l y  p o s s i b l e  approach.  If t h e  desired t r a j e c t o r y  
s a t i s f i e s  - >i = f(X,v) f o r  nonzero - >i, t h e n  i t  can be u s e d  i n  t h e  subsequent  
development. 
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To d e r i v e  t h e  p e r t u r b a t i o n  model w i t h  s t a t e  p e r t u r b a t i o n s  6X and con- 
t r o l  p e r t u r b a t i o n s  6 U ,  l e t  
( 4 . 3 )  
Expanding t h e  n o n l i n e a r  system ( 4 . 1 )  abou t  - -  X ,  U and r e t a i n i n g  o n l y  t h e  f i r s t  
o r d e r  terms ( t h i s  i m p l i e s  t h a t  t h e  p e r t u r b a t i o n  are  s m a l l ) ,  one  has  
6 i  = f X 6 X  + f U 6 U  (4.4) 
T h e  s u b s c r i p t s  deno te  p a r t i a l  d e r i v a t i v e  matrices. 
depend on - -  X ,  U .  
which a c o n t r o l l e r  of t h e  form 
Note t h a t  f and f U  X 
The e x p r e s s i o n  ( 4 . 4 )  d e s c r i b e s  a l i n e a r  dynamic sys tem f o r  
6U = K 6 X  (4.5) 
can be des igned  a t  t h e  o p e r a t i n g  p o i n t s  X 1 ,  X 
p o i n t s ,  t h e  f o l l o w i n g  procedure  i s  s e t u p .  
-2' ..- 
Next ,  t o  e n s u r e  t h a t  t h e  sys tem t r a n s i t s  th rough these o p e r a t i n g  
Assume t h a t  a l i n e a r  i n t e r p o l a t i o n  scheme between X 1 ,  X . . . X -2 ' -n 
a d e q u a t e l y  d e s c r i b e s  t h e  d e s i r e d  t r a j e c t o r y .  F u r t h e r ,  assume t h a t  a t  any 
4 2  
0. I n  t h i s  c a s e ,  t h e  
i n t e r p o l a t e d  r e f e r e n c e  f l i g h t  c o n d i t i o n s  zj, i n  between Si, X i + ,  : 
p e r t u r b a t i o n  model ( 4 . 4 )  is  g iven  
i = f X 6 X  + f U 6 U  - - ict 4.6) 
i s  a p i ecewise  c o n s t a n t  f u n c t i o n  and a p p e a r s  as a d i s t u r b a n c e  i n  
t h e  p e r t u r b a t i o n  model. 
As no ted  ea r l i e r ,  t h e  p e r t u r b a t i o n  c o n t r o l l e r  i s  des igned  w i t h  - >i = 0. 
R e c a l l i n g  t h a t  
U = 6 U + U  - (4 .7 )  
Using (4 .7)  i n  ( 4 . 6 ) ,  t h e  l i n e a r i z e d  e q u a t i o n s  can be put  i n  t h e  form 
or 
i = f X X  + f U U  - Z(t) 
where 
Z ( t )  = fx? + fG 
(4.8) 
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S i m i l a r l y ,  t h e  p e r t u r b a t i o n  c o n t r o l l e r  ( 4 . 5 )  becomes 
U 
> 
U - U = K ( X - X )  - - 
o r  
_ _ - - _ - - _ _ - - - - -  
I 
I - T -_- 
H Nonlineer 




b = f l H , U )  
U = K ( X - X )  + U (4 .9)  - - 
I 
I 
I .  
' 
I K  
Express ion  (4 .9 )  i n d i c a t e s  t h e  implementat ion of t h e  l i n e a r  p e r t u r b a t i o n  







F i g u r e  4-2. Implementat ion of t h e  L i n e a r  P e r t u r b a t i o n  C o n t r o l l e r  
Note t h a t  t h e  g a i n  m a t r i x  K v a r i e s  as a f u n c t i o n  of some schedu led  
v a r i a b l e .  Express ion  (4.8) h a s  an i n t e r e s t i n g  i n t e r p r e t a t i o n ,  v i z ,  when t h e  
p e r t u r b a t i o n s  about  t h e  d e s i r e d  p a t h  are small, i t  describes t h e  n o n l i n e a r  
system dynamics w i t h  a h igh  degree  of f i d e l i t y .  Hence, under  c l o s e d  loop  
c o n t r o l ,  t h e  dynamics g iven  by (4 .8)  w i l l  be ve ry  c l o s e  t o  t h a t  of t he  
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o r i g i n a l  o n l i n e a r  system ( 4 . 1 ) .  T h i s  f a c t  means t h a t  l i n e a r ,  time va ry ing  
s i m u l a t i o n s  can  be mechanized i n  a s t r a i g h t f o r w a r d  way from t h e  r e l a t i o n -  
s h i p s  and models d i s c u s s e d  here.  While s e c t i o n  f i v e  rev iews  t h e  concept  of 
l i n e a r  t ime-vary ing  s i m u l a t i o n  b e f o r e  g i v i n g  t h e  v a l i d a t i o n  r e s u l t s ,  i t  is 
convenient  t o  c o n t i n u e  our l i n e  o f  thought  and go over  t h e  mechaniza t ion  
here i n  t h e  maneuver a u t o p i l o t  d e s i g n  s e c t i o n .  
4 .1 .3  L inea r  T i m e  Varying S imula t ion  
A s  no ted  elsewhere, f o r  h i g h l y  n o n l i n e a r  systems s u c h  as  a i r c r a f t ,  t h e  
g a i n  m a t r i x  K i n  ( 4 . 9 )  would d i s p l a y  l a r g e  v a r i a t i o n s  as a f u n c t i o n  of t h e  
f l i g h t  c o n d i t i o n .  And hence ,  some t y p e  of s chedu l ing  s t r a t e g y  w i l l  be 
e s s e n t i a l  f o r  t h e  s a t i s f a c t o r y  o p e r a t i o n  of t h e  c o n t r o l  system. To evo lve  
t h e  s c h e d u l i n g  s t r a t e g y ,  i t  i s  des i r ab le  t o  have a s i m u l a t i o n  of  t h e  system 
which has  lesser  complexi ty  t h a n  t h e  o r i g i n a l  n o n l i n e a r  system. 
Examining e x p r e s s i o n  (4.8)  i n  view of t h e  above,  one  f i n d s  t h a t  t h e  
p a r t i a l  d e r i v a t i v e  matrices f 
computed a t  t h e  c o n t r o l l e r  des ign  s t a g e .  The r e f e r e n c e  t r a j e c t o r y  - -  X ,  U is 
a l so  known. S i n c e  t h i s  e x p r e s s i o n  describes t h e  n o n l i n e a r  system dynamics 
a d e q u a t e l y  f o r  small p e r t u r b a t i o n s ,  i t  may be used  t o  deve lop  a l i n e a r  time 
v a r y i n g  s i m u l a t i o n  t o  e v a l u a t e  t h e  c o n t r o l l e r  s c h e d u l i n g .  F i g u r e  4-3 g i v e s  
t h e  formal s t r u c t u r e  of t h e  l i n e a r  time va ry ing  s i m u l a t i o n .  T h i s  b lock  
diagram is  s t r u c t u r a l l y  similar t o  t h e  l i n e a r  p e r t u r b a t i o n  c o n t r o l l e r  
implementa t ion  g i v e n  i n  F i g u r e  4.2.  The e s s e n t i a l  d i f f e r e n c e  between them 
is t h a t  t h e  n o n l i n e a r  a i rc raf t  model has been r e p l a c e d  by a l inear  time- 
v a r y i n g  model w i t h  d i s t u r b a n c e  i n p u t s .  
- U are l i n e a r l y  i n t e r p o l a t e d  between time p o i n t s .  
mechan iza t ion ,  t h e  p a r t i a l  d e r i v a t i v e  matrices f 
same time p o i n t s  and l i n e a r l y  i n t e r p o l a t e d .  Thus ,  a l o n g  a contempla ted  
maneuver,  three o r  f o u r  - -  X ,  U ,  p o i n t s  are chosen and t h e  co r re spond ing  f X ,  
f U ,  matrices a re  s t o r e d .  
and f U  as f u n c t i o n s  of - -  X ,  U have a l r e a d y  been X 
As mentioned i n  S e c t i o n  4 .1 .2 ,  - X and 
I n  o r d e r  t o  s i m p l i f y  t h e  
and f U  are  s t o r e d  a t  t h e  X 
Note  t h a t  i n  t h e  p r e s e n t  a n a l y s i s  t h e  - -  X ,  U ,  p o i n t s  
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a r e  chosen such  t h a t  a t  an i n t e r m e d i a t e  p o i n t  f(Xj, U . )  1 0. 
of s i m u l a t i o n s ,  i f  i t  t u r n s  o u t  t h a t  i n  o r d e r  t o  t r a c k  t h e  r e q u i r e d  - X 
h i s t o r y ,  t h e  t o t a l  c o n t r o l  r e q u i r e d  i s  g r e a t e r  t h a n  t h a t  a v a i l a b l e ,  i t  is  
i n d i c a t i v e  t h a t  e i t h e r  t h e  assumed maneuver time i s  u n r e a l i s t i c  o r  t h a t  t h e  
model i s  inadequa te  o r  bo th .  
I n  t h e  cour se  
-J 
H = f x x  + 1"U 
-(f" + 1 yl 
REFERENCE 
* TRRJECTORY 
G I  NE R ATOR K 
+ 
TIME 
F i g u r e  4-3. L inear  T i m e  Varying S i m u l a t i o n  
A d e s c r i p t i o n  of how a g e n e r i c  time va ry ing  s i m u l a t i o n  can be imple- 
mented i n  t h e  M A T R I X T M  SYSTEM BUILDTM model b u i l d i n g  and s i m u l a t i o n  program 
is  g iven  i n  Appendix D .  
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4.2 LINSAR DESIGN TECHNIQUES 
Given a small s e t  of l i n e a r  trim c o n d i t i o n s ,  l i n e a r  p e r t u r b a t i o n  con- 
t ro l le rs  can  be des igned  t o  t r ack  d e s i r e d  r e f e r e n c e  commands. The  s i m p l e s t  
p r a c t i c a l  c o n t r o l l e r s ,  once t h e  o u t p u t s  are  augmented w i t h  a p p r o p r i a t e  
i n t e g r a t o r s  f o r  desirable s t e a d y  s t a t e  t r a c k i n g ,  a r e  o u t p u t  feedback 
c o n t r o l l e r s .  
e i g e n s t r u c t u r e  assignment and t h e  minimum e r r o r  e x c i t a t i o n  t echn ique .  
Two d i f f e r e n t  ou tpu t  feedback  ipp roaches  were e v a l u a t e d ,  v i z ,  
4.2.1 E i g e n s t r u c t u r e  Assignment Design 
As described i n  S e c t i o n  2 ,  t h e  model through which t h e  d e s i r e d  
maneuver a u t o p i l o t s  ( M A P )  m u s t  work  i n c l u d e s  t h e  f u l l y  augmented a i r c r a f t :  
T h i s  a c t u a l l y  makes t h e  c o n t r o l  des ign  t a sk  more d i f f i c u l t  t h a n  d e a l i n g  o n l y  
w i t h  t h e  bare  airframe. The combina t ion  of  CAS s t a t e s  and i n t e g r a l  e r r o r  
s ta tes  g i v e  a c o n s i d e r a b l e  number of e i g e n v a l u e s  t h a t  are  slow, and there- 
f o r e  must be moved, and a l s o  e x h i b i t  a r e a s o n a b l e  degree of s t a t e  coup l ing .  
T h i s  c o u p l i n g  r e s u l t s  i n  some s e n s i t i v i t y  of r e s u l t s  t o  t h e  cho ice  of 
e i g e n s p a c e  r e q u e s t e d .  The  model used  and s p e c i f i c  r e s u l t s  are g i v e n  i n  
Appendix A .  Complete de ta i l s  of t h i s  e igenass ignment  approach can be found 
i n  1133. I t  i s  perhaps  of interest  t o  n o t e  t h a t  i n  a d d i t i o n  t o  t h e  
c a p a b i l i t y  t o  h a n d l e  c o n t r o l l e r  s t r u c t u r e  c o n s t r a i n t s ,  t h i s  t echn ique  can be 
m o d i f i e d  t o  accept p a r t i a l  s p e c i f i c a t i o n  of e i g e n v e c t o r s .  T h i s  feature  can 
be v a l u a b l e  i n  high order sys t ems .  I n  summary, t o  employ t h i s  synthesis 
approach ,  t h e  f o l l o w i n g  are  r e q u i r e d .  
(i) Based on  t h e  p r a c t i c a l  a s p e c t s  of t he  problem, choose a minimal 
s e t  of measurements which w i l l  pe rmi t  t h e  d e s i g n e r  t o  a c h i e v e  t h e  
d e s i r e d  performance. I n t r o d u c e  dynamic compensators such  as  
i n t e g r a l  feedbacks,  l e a d - l a g  ne tworks ,  e t c . ,  based on  e x p e r i e n c e .  
( i i )  Choose a s e t  of d e s i r e d  e i g e n v a l u e s  and e i g e n v e c t o r s  equa l  t o  t h e  
number of o u t p u t s .  
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While t h e  s e l e c t i o n  of des i r ed  e i g e n v a l u e s  i s  o f t e n  appa ren t  i n  a 
g iven  problem, t h e  des i r ed  e i g e n v e c t o r s  are d i f f i c u l t  t o  s e l e c t .  Three 
approaches  were developed t o  h e l p  g u i d e  t h i s  choice,  v i z ,  min imal ly  r e s t r u c -  
t u r e d  e igenass ignment  , decoup l ing  eigenassignment and dominant mode 
ei genass i  gnment . 
4.2.1.1 Minimally R e s t r u c t u r e d  Eigenassignment 
S i n c e  i t  is  known t h a t  t h e  closed l o o p  e i g e n v e c t o r s  l i e  i n  a subspace  
spanned by t h e  columns of ( A i I - A )  B , i = 1 ,  . . . n ,  l i n e a r  combinations of 
these v e c t o r s  were used  as d e s i r e d  e i g e n v e c t o r s .  The weights  t o  be used i n  
g e n e r a t i n g  these l i n e a r  combina t ions  were c o n s t r u c t e d  from t h e  a d d i t i o n a l  
i n f o r m a t i o n  t h a t  unass igned  e i g e n v e c t o r s  s h o u l d  be c lose  t o  t h e i r  open l o o p  
v a l u e s  i n  a l e a s t  s q u a r e  s e n s e .  
-1 
4.2.1.2 Decoupling Eigenassignment 
S i n c e  we a re  i n t e r e s t e d  i n  having  t h e  l e a s t  cross a x i s  coup l ing  i n  t h e  
c o n t r o l l e r  as p o s s i b l e ,  t h e  d e s i r e d  e i g e n v e c t o r s  i n  t h e  l o n g i t u d i n a l  channel  
may be chosen s o  t h a t  t h e  r e sponses  from l a t e r a l  channe l s  are  b l o c k e d ,  i . e . ,  
se lec t  e i g e n v e c t o r s  as 
n 




V are t h e  d e s i r e d  e i g e n v e c t o r s .  a are  s e l e c t e d  us ing  t h e  same c r i t e r i a  a s  
i n  t h e  minimal ly  s t r u c t u r e  case .  
t o  work a t  each f l i g h t  c o n d i t i o n  by  i t e r a t i n g  on t h e  d e s i r e d  e igenva lues ,  
t h e y  f a i l e d  t o  e a s i l y  produce a s e t  of a c c e p t a b l e  e i g e n v e c t o r s  which could  
be used  a t  o t h e r  f l i g h t  c o n d i t i o n s .  Next ,  p a r t i a l  s p e c i f i c a t i o n  of d e s i r e d  
e i g e n v e c t o r s  was attempted us ing  t h e  dominant mode approach.  
d i 
Though t h e s e  two approaches could be made 
4.2.1.3. Dominant Mode Eigenassignment 
According t o  r e f  C131, complete  s p e c i f i c a t i o n  of d e s i r e d  e i g e n v e c t o r s  
are n e i t h e r  necessa ry  nor  d e s i r a b l e .  Depending on t h e  s t a t e s  t h a t  shou ld  o r  
s h o u l d  n o t  p a r t i c i p a t e  i n  a g iven  mode, a p p r o p r i a t e  en t r ies  i n  t h e  
e i g e n v e c t o r s  are made ones o r  z e r o s ,  l e a v i n g  o t h e r  e n t r i e s  f ree .  With  t h e s e  
e i g e n v e c t o r s ,  t h e  d e s i r e d  e igenva lues  are  moved as f a r  l e f t  from t h e  
imaginary  a x i s  as p o s s i b l e  w i t h  l e a s t  change i n  t h e  l o c a t i o n  of unplaced 
e i g e n v a l u e s .  The d e s i r e d  e i g e n v e c t o r s  s o  ob ta ined  appeared  t o  work over  
most f l i g h t  c o n d i t i o n s .  Note,  however, t h a t  e x t e n s i v e  i t e r a t i o n s  on t h e  
d e s i r e d  e i g e n v a l u e s  may o f t e n  be r e q u i r e d  t o  produce a s a t i s f a c t o r y  d e s i g n .  
4.2.1.4 Conclus ions  on O u t D u t  E i a e n s t r u c t u r e  Assianment 
S p e c i f i c  maneuver a u t o p i l o t  des ign  resul ts  a r e  d i scussed  i n  Appendix 
A ,  a l o n g  w i t h  t h e  more complete d e s c r i p t i o n  and  e v a l u a t i o n  of ou tpu t  
e ig€?nStrUCtWe assignment  f o r  a p p l i c a t i o n  t o  f l i g h t  t e s t  t r a j e c t o r y  c o n t r o l ,  
i n c l u d i n g  d i f f i c u l t i e s  i n  s e l e c t i n g  d e s i r a b l e  e igenva lues  and e i g e n v e c t o r s .  
T h i s  approach  demands s e v e r a l  i t e r a t i o n s  t o  converge t o  a s a t i s f a c t o r y  
des ign  and  does not  appear  t o  e a s i l y  g i v e  s u i t a b l e  i n s i g h t  f o r  ou tpu t  feed- 
back d e s i g n  of h igh  o r d e r  m u l t i v a r i a b l e  systems which w i l l  be used  a t  o t h e r  
o p e r a t i n g  p o i n t s .  If a r a t i o n a l  method t o  g e n e r a t e  an a c h i e v a b l e  s e t  of 
e i g e n v e c t o r s  i s  dev i sed ,  t h i s  t e c h n i q u e  w i l l  be made more a t t r a c t i v e .  One 
p o s s i b i l i t y  might be t o  g e n e r a t e  g r a d i e n t s  of t h e  e igensystem between f l i g h t  
c o n d i t i o n s  and i n c l u d e  t h i s  i n fo rma t ion  i n  t h e  s i n g l e  po in t  des ign  t e c h n i -  
que. The nex t  two s u b s e c t i o n s  d e s c r i b e  two o t h e r  t echn iques  of ou tput  
feedback  g a i n  s o l u t i o n .  
4 .2 .2  Minimum E r r o r  E x c i t a t i o n  O u t p u t  Feedback Design 
Fol lowing Kosu t ' s  [81 n o t a t i o n  i n  d e s c r i b i n g  h i s  development of t h e  
minimum e r r o r  e x c i t a t i o n  ou tpu t  feedback d e s i g n  method, f o r  t h e  l i n e a r  
s y s  tem 
x = A X  + Bu, 
y = Hx, 
one f irst  des igns  a f u l l  s t a t e  L Q  r e g u l a t o r  
m 
T T J = j (xH Q Hx + u R u ) d t ,  
2 0  Y 
w i t h  t h e  op t ima l  feedback c o n t r o l  law u* = F*x. 
Both because a l g e b r a i c  o u t p u t  feedback methods do not  gua ran tee  
s t a b i l i t y  and because of t h e  presence  of slow c losed  loop  f u l l - s t a t e  
feedback modes ( e i t h e r  n e u t r a l l y  s t a b l e  unobservable  modes o r  other s l u g g i s h  
phugoid l i k e ,  s p i r a l  o r  i n t e g r a l  e r r o r  modes),  i t  i s  d e s i r a b l e  t o  des ign  
w i t h  a guaranteed  s t a b i l i t y  margin [ 1 4 ,  153. S p e c i f y i n g  a s t a b i l i t y  margin 
of u e n s u r e s  t h a t  t h e  r e a l  p a r t s  
T h i s  is e q u i v a l e n t  t o  op t imiz ing  
m 
J = 1 -2at e (xH 4 Hx 
2 0  Y 
of all c losed  loop  r o o t s  a r e  less  than  -a. 
t h e  performance index 
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and can be accomplished by d e s t a b i l i z i n g  t h e  open l o o p  p l a n t  by = A + aI; 
s o l v i n g  f o r  t h e  cor responding  o p t i m a l  g a i n s  i n  t h e  s t a n d a r d  L Q  problem, and 
u s i n g  them w i t h  t h e  o r i g i n a l  open l o o p  dynamics m a t r i x  A .  Costs were chosen 
a c c o r d i n g  t o  B r y s o n ' s  r u l e  [ 1 5 3 ,  t h e  i n v e r s e  of t h e  s q u a r e d  d e v i a t i o n  
des i r ed  o n  i n p u t s  and o u t p u t s ,  w i t h  a sca la r  f ac to r  between Q a n d  R t o  
r e g u l a t e  t h e  e x t e n t  of h i g h  g a i n  s o l u t i o n  achieved .  
A minimum norm o u t p u t  e r r o r  feedback law can be determined from 
u = C y ,  w i t h  
Y 
+ 
C = H F*, 
Y 
+ 
where H is t h e  pseudoinverse  of H .  T h i s  i s  mere ly  a l e a s t  s q u a r e s  projec- 
t i o n  of t h e  f u l l  s t a t e  g a i n s  o n t o  t h e  o u t p u t  subspace.  
The  s e n s i t i v i t y  of t h e  p r o j e c t i o n  d e s c r i b e d  above can be minimized by 
d o i n g  a weighted  l e a s t  s q u a r e s ,  where t h e  weight  i s  t h e  c l o s e d  l o o p  s t a t e  
c o v a r i a n c e  e x c i t e d  by a uni t  e r r o r  d e n s i t y .  One mere ly  s o l v e s  t h e  Lyapunov 
e q u a t  i o n  
( A  + B F * ) P  + P ( A  + B F * ) ~  + I = 0, 
t o  o b t a i n  t h e  c o n s t r a i n e d  g a i n  
T T -1 F = F*PH ( H P H  ) H ,  or  
Y 
T T -1 C = F*PH ( H P H  ) 
Y 
The d e s t a b i l i z e d  open l o o p  p l a n t  1 was used i n s t e a d  of 
e q u a t i o n  s o l u t i o n  t o  r e t a i n  as much of t h e  f u l l - s t a t e  law guaranteed  
s t a b i l i t y  margin as p o s s i b l e .  
A i n  t h e  Lyapunov 
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Maneuver a u t o p i l o t s  were des igned  a t  a l l  f l i g h t  c o n d i t i o n s  w i t h i n  two 
i t e r a t i o n s  u s i n g  t h e  above o u t p u t  feedback des ign  procedure.  The des ign  
c r i t e r i o n  were 
Re(X.) <- .2  => a 5 second maximum time cons tan t  i n  t r a c k i n g ,  and 
1 
6 > .7 => low ove r shoo t .  
With t h e  i n t e g r a l  error s t a t e s  and g e n e r a l  low f requency  o s c i l l a t o r y  po le s  
p a i r s  due  t o  l a t e r a l / l o n g i t u d i n a l  coup l ing ,  t h e  p l a n t  is  not  a s imple  one  t o  
c o n t r o l .  S ince  Mach and l o a d  f a c t o r  were chosen as t h e  schedu l ing  
v a r i a b l e s ,  15 des igns  were gene ra t ed  - f i v e  des igns  a t  three l o a d  f a c t o r s  
shown i n  Table 4-2. The s t a t e  and c o n t r o l  weight ing  matrices used i n  t h i s  
s y n t h e s i s  i s  l i s t e d  i n  Appendix E. 
are a l s o  g iven  i n  t h i s  appendix.  
The  cor responding  output feedback  g a i n s  
S i n c e  t h e  zoom-and-push-over and e x c e s s  t h r u s t  windup t u r n  r e q u i r e  
f i x e d  t h r o t t l e ,  15 more d e s i g n s  were gene ra t ed  wi thout  t h i s  c o n t r o l ,  a l s o  
shown i n  Table  4-2. 
Typ ica l  i n i t i a l  c o n d i t i o n  r e s p o n s e s  i n  a s t r a i g h t  and l e v e l  f l i g h t  
c o n d i t i o n  a t  40K fee t  and Mach of 1 . 4  a re  shown i n  F i g u r e  4 -4 .  
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TABLE 4-2. SLOWEST MODE BEHAVIOR AT ALL DESIGN CONDITIONS 
( S u b s c r i p t  1 corresponds  t o  t h e  d e s i g n  w i t h  a l l  con- 
t r o l s ,  s u b s c r i p t  2 corresponds  t o  t h e  des ig l  wi thou t  
t h r  o t  t i e  con t r  0: ) 
- -- -- - - - --- 
h ,m 
LOA3 h = 10000'  h = 20000'  h = 3 O O O O '  h = 400001 h = 50;:' 
FACTOR M = 0.8 M = 1.0 M = 1.2 M = 1.4 M = 1.a 
A ,  = -0.277 A ,  = -0.289 A ,  = -0.3 A ,  = -0.308 A ,  = -0.29; 
5, = 0.996 5,  = 0.97 51 0.95 51 = 0.945 5, = 0.94 
1 
A, = -0.28 A, = -0.257 A ,  = -0.234 5 2  = -0.2276 A 2  = - O . ? ' s (  
5 2  = 1 5 = 1  5 2  = 1 5 2  = 1 5 2  = 1 
-__--. 
A ,  = -0.28 A ,  = -0.26 A ,  = -0.23 A ,  = -0.2274 A ;  = -0.22.~ 
5, = 0.99 5, = 0.94 5 ,  = 0.9 5 ,  = 0.2 A ,  = -c . F.=: a > -
2 
A, = -0.288 A 2  = -0.268 A, = -0.254 A, = -0.276 A 2  = -0.242 
E 2  = 0.99 c 2  = 0.947 E z  = 0.947 5 2  = 0.958 5 2  = 0.88 
A I  = -0.267 A ,  = -0.23 A ,  = -0.209 A ,  = 0.17 A ,  = -0.116 
5, = 0.99 = 0.92 5 ,  = 0.866 5 ,  = 0.98 = 0.95 
A 2  = -0.28 A, = -0.23 A ,  = 0.243 A 2  = -0.2405 A, = -0.209 
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Figure  4-4. I n i t i a l  Condi t ion  Response f o r  t h e  Output Feedback Minimum 
E r r o r  E x c i t a t i o n  P e r t u r b a t i o n  C o n t r o l l e r  (Reference  
Condi t ion  H = 40k' , Mach = 1 . 4 ,  S t r a i g h t  and Level F l i g h t )  
S e c t i o n  5 g ives  t h e  t r a c k i n g  behavior of t h e  ou tpu t  feedback minimum 
norm c o n t r o l l e r s  i n  t h e  e i g h t  maneuvers of i n t e r e s t .  
4 . 3  N O N L I N E A R  FLIGHT TEST TRAJECTORY CONTROLLERS 
Research on non l inea r  f l i g h t  t e s t  t r a j e c t o r y  c o n t r o l  (FTTC)  des ign  was 
conducted wi th  t h e  goal of completely e l i m i n a t i n g  t h e  need f o r  g a i n  
schedu l ing .  
t h e o r e t i c a l  work can be a p p l i e d  t o  t h e  FTTC problem before  a demonst ra t ion  
problem is given t o  i l l u s t r a t e  t h e  approach. 
A brief l i t e r a t u r e  review is  given below, o u t l i n i n g  how r e c e n t  
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T h i s  r e s e a r c h  d e a l s  wi th  t h e  s y n t h e s i s  of non l inea r  f l i g h t  t es t  
t r a j e c t o r y  c o n t r o l l e r s  u s ing  t h e  r e c e n t  r e s u l t s  i n  p r e l i n e a r i z i n g  t r ans fo rms  
due t o  Meyer [17-333 and s i n g u l a r  p e r t u r b a t i o n  t h e o r y  [34-363. The use of 
s i n g u l a r  p e r t u r b a t i o n  t h e o r y  i n  t h i s  problem s i m p l i f i e s  t h e  command 
g e n e r a t i o n  scheme i n  a d d i t i o n  t o  p rov id ing  a c o n s i s t a n t  approach f o r  
e l i m i n a t i n g  i g n o r a b l e  s t a t e  v a r i a b l e s .  The p r e l i n e a r i z i n g  t r a n s f o r m a t i o n s  
are more t r a n s p a r e n t  i n  t h i s  fo rmula t ion .  The s l o w - f a s t  computat ions a r e  
c l e a r l y  s e p a r a t e d  and can be c a r r i e d  ou t  a t  d i f f e r e n t  r a t e s  on t h e  f l i g h t  
c o n t r o l  computer. I t  i s  i n t e r e s t i n g  t o  no te  t h a t  i n  Ref.  21, even though 
t h e  c o n t r o l l e r  development d i d  no t  make use of s i n g u l a r  p e r t u r b a t i o n  t h e o r y ,  
t h e  t i m e - s c a l e  s e p a r a t i o n  formed a b a s i s  f o r  implementat ion on t h e  f l i g h t  
c o n t r o l  computer. A schemat ic  block diagram of t h e  s low- fas t  f l i g h t  t e s t  
t r a j e c t o r y  c o n t r o l l e r  i s  g i v e n  i n  F i g u r e  4-5. 
F l i g h t  t e s t  c o n t r o l l e r  s y n t h e s i s  w i l l  be developed f o r  t h e  F-15 
f i g h t e r  a i r c r a f t  i n  t h e  nex t  c o n t r a c t  phase.  For t h e  F-15 and most f i g h t e r  
a i r c r a f t ,  i t  can be assumed t h a t  t h e  a i r c r a f t  under c o n s i d e r a t i o n  has  t h e  
f o u r  u s u a l  c o n t r o l s :  t h r o t t l e ,  a i l e r o n ,  rudder  and e l e v a t o r .  The o b j e c t i v e  
of t h e  f l i g h t  t e s t  c o n t r o l l e r  is  t o  t r a c k  t h e  given commands i n  a i r s p e e d ,  
a n g l e  of a t t a c k ,  a n g l e  of s i d e s l i p  and a l t i t u d e  i n  presence  of d i s t u r b a n c e s  
and model ing imper fec t ions .  I t  is  c l e a r  t h a t  t h e  commanded t r a j e c t o r y  has 
t o  be e x e c u t a b l e  by t h e  a i r c r a f t  under c o n s i d e r a t i o n .  Note t h a t  t h e  f l i g h t  
t e s t  c o n t r o l  problem d i scussed  h e r e  i s  d i s t i n c t  from t h o s e  desc r ibed  by 
Meyer, e t .  a l .  [20-221 s i n c e ,  i n  t h e i r  work, t h e  t r a j e c t o r y  t o  be fo l lowed 
c o n s i s t e d  of t h e  t h r e e  p o s i t i o n  components s p e c i f i e d  as f u n c t i o n s  of t ime.  
Modeling a n d  t i m e - s c a l e  s e p a r a t i o n  can be e x p l o i t e d  to a c o n s i d e r a b l e  
deg ree  i n  t h i s  approach. The mechanizat ion d e t a i l s  of p r e l i n e a r i z a t i o n  and 
t h e  s l o w - f a s t  c o n t r o l l e r  s y n t h e s i s  f o r  gene ra l  f l i g h t  t es t  maneuvers w i l l  be 
g iven  i n  t h e  n e x t  p r o j e c t  phase based on  t h e  problem fo rmula t ion  developed 
her  e. 
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Figure  4-5. S i n g u l a r  Pert UT ba I A 3n N on1 inea r  F 1 i gh t  T e s t  T r a j  e c t  or  y 
C o n t r o l l e r .  
Slow s t a t e s :  V ,  a ,  6 ,  h 
F a s t  s t a t e s :  p ,  q, r ,  8, Q 
Very f a s t  s t a t e s :  CAS and Actua tor  s t a t e s  
An i l l u s t r a t i v e  example of t h i s  non l inea r  c o n t r o l l e r  approach i s  given 
i n  Appendix B .  
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SECTION 5 
SIMULATION A N D  EVALUATION 
The performance of  p e r t u r b a t i o n  c o n t r o l l e r s  f o r  i n i t i a l  c o n d i t i o n  
errors was v e r i f i e d  d u r i n g  t h e  des ign  phase. Some t e c h n i q u e s  f o r  e v a l u a t i n g  
t h e i r  t r a c k i n g  performance w i l l  be d i s c u s s e d  i n  t h i s  s e c t i o n .  Though i t  i s  
clear t h a t  t h e  a c t u a l  performance of these c o n t r o l l e r s  can o n l y  be assessed 
w i t h  t he  f u l l  n o n l i n e a r  a i r c ra f t  model, i t  i s  desirable  t o  i n t r o d u c e  an 
i n t e r m e d i a t e  v a l i d a t i o n  phase  t o  e n s u r e  a smooth t r a n s i t i o n  from 
p e r t u r b a t i o n  c o n t r o l l e r  d e s i g n  t o  f u l l  n o n l i n e a r  s i m u l a t i o n .  I t  shou ld  be 
emphasized a t  t h e  o u t s e t  t h a t  t h e  s i m u l a t i o n s  d i s c u s s e d  here are  approximate  
and  consequen t ly  t h e  t r a c k i n g  performance w i l l  d i f f e r  i n  t h e  n o n l i n e a r  
s i m u l a t i o n  v a l i d a t i o n  i n  t h e  n e x t  s t u d y  phase.  
5.1 MANEWER SIMULATION 
O r i g i n a l l y ,  i t  was dec ided  t o  c a r r y  o u t  a l i n e a r  time va ry ing  
s i m u l a t i o n  of t h e  sys t ems  u s i n g  l i n e a r i z e d  a i r c r a f t  models a l o n g  t h e  des i r ed  
f l i g h t - t e s t  t r a j e c t o r y  as d i s c u s s e d  i n  Appendix D .  For a two s t a t e  v a r i a b l e  
model ana lyzed  i n  Appendix B ,  t h e  computing time was small. However, t h e  
a i r c ra f t  and CAS system has 31 s t a t e s  and con t inuous  i n t e r p o l a t i o n  was found 
t o  be e x t r e m e l y  time consuming. I I n  view of t h e  e x c e s s i v e  computa t iona l  
e f fo r t  r e q u i r e d ,  and t h e  l i m i t e d  v a l u e  of t he  i n f o r m a t i o n  o b t a i n e d ,  i t  was 
t h e n  d e c i d e d  t o  swi t ch  models and c o n t r o l l e r  g a i n s  a l o n g  a des i r ed  f l i g h t  
tes t  t r a j e c t o r y .  T h i s  approach i n t r o d u c e d  a r t i f i c i a l  g a i n  s u i  t c h i n g  
t r a n s i e n t s  and a l s o  l e d  t o  m i s l e a d i n g  conc lus ions .  Hence whenever f eas ib l e ,  
t h e  s i m u l a t i o n s  d i s c u s s e d  here used  o n e  i n t e r p o l a t e d  model, and  g a i n s  based 
o n  t h e  f l i g h t  c o n d i t i o n  ha l fway th rough  t h e  maneuver. With t h i s  approach ,  
t h e  modeling i n a c c u r a c i e s  w i l l  be almost e q u a l l y  d i s t r i b u t e d  throughout  t h e  
maneuver. 
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I t  shou ld  be emphasized t h a t  t h e  s i m u l a t i o n s  w i t h  l i n e a r i z e d  models 
w i l l  t e s t  o n l y  t h e  feedback c o n t r o l l e r  p o r t i o n  of t h e  maneuver a u t o p i l o t .  
The open loop  c o n t r o l  h i s t o r i e s  gene ra t ed  from maneuver modeling can be 
t e s t ed  o n l y  d u r i n g  t h e  f u l l  n o n l i n e a r  s i m u l a t i o n  of a i r c r a f t  and C A S .  
5.2 MANEWER SIMULATION M E C H A N I Z A T I O N  
The l i n e a r  p e r t u r b a t i o n  equa t ions  used f o r  des ign  have been d i s c u s s e d  
i n  S e c t i o n  4. I n  t h i s  s e c t i o n ,  t hese  w i l l  be modi f ied  t o  g e n e r a t e  l i n e a r  
s i m u l a t i o n s .  The l i n e a r i z e d  a i r c ra f t  w i t h  CAS is  of t h e  form 
6x = F6x + C ~ U  
6y = H6x 
The o u t p u t  feedback p e r t u r b a t i o n  c o n t r o l l e r  i s  of t h e  form 
6u = c 6y. 
Y 
Expanding t h e  p e r t u r b a t i o n  e q u a t i o n s  back o u t  g i v e s  
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from which t h e  maneuver s i m u l a t i o n s  can be mechanized. Note t h a t  can  be 
viewed as  a d i s t u r b a n c e  (and  n e g l e c t e d )  o r  as a p a r t  of t h e  e x t e r n a l  
r e f e r e n c e  command. 
cannot  be i g n o r e d ,  b u t  were computed n u m e r i c a l l y  w i t h  a fo rward  d i f f e r e n c i n g  
of x .  
- 
For t h e  h igh  speed  maneuvers s i m u l a t e d  here - c l e a r l y  
- 
5.3 MANEUVER SIMULATION RESULTS 
As d i s c u s s e d  e a r l i e r ,  - was computed n u m e r i c a l l y  from - x and  used as 
p a r t  of t h e  r e f e r e n c e  command. S i n c e  - x has c o r n e r s ,  there  are  jumps,  or 
s p u r i o u s  s t e p  i n p u t s  due t o  t h e  d i s c o n t i n u i t i e s  i n  - i .  
q u a d r a t i c  or c u b i c  s p l i n e  f i t s  t o  t h e  trim p o i n t s  x w i l l  remedy t h i s  
problem; however, t h e  e f fec ts  of t h e  d i s c o n t i n u i t i e s  can c l e a r l y  be s e e n  i n  
t h e  t r a c k i n g  t ra jec tor ies  i n  t h i s  s u b s e c t i o n .  
Using a smooth - x from 
-i 
I n  t h e  f o l l o w i n g ,  t y p i c a l  s i m u l a t i o n  r e s u l t s  f o r  each f l i g h t  t e s t  
t r a j e c t o r y  w i l l  be p re sen ted .  The f l i g h t  c o n d i t i o n s  i n  these  s i m u l a t i o n s  
are chosen s o  t h a t  t h e  maneuver a u t o p i l o t  i s  e x e r c i s e d  ove r  n e a r l y  t h e  
e n t i r e  a i r c r a f t  envelope .  Except where i n d i c a t e d ,  i n  t h e  p l o t s  t h a t  f o l l o w ,  
t h e  d o t t e d  l i n e s  deno te  t h e  commanded v a r i a b l e s  g e n e r a t e d  from t h e  maneuver 
modeling program w h i l e  t h e  s o l i d  l i n e  r e p r e s e n t s  t h e  t r a j e c t o r y  e v o l u t i o n  
from t h e  l i n e a r  s i m u l a t i o n .  
5.3.1 T r a n s i e n t  Trajectory 
I n  t h i s  s i m u l a t i o n ,  a t r a n s i e n t  t r a j e c t o r y  is  s e t u p  t o  t r a n s f e r  t h e  
a i r c r a f t  from s t r a i g h t  and  l e v e l  f l i g h t  c o n d i t i o n s  a t  20000' a l t i t u d e  and 
Mach 0.8 t o  s t r a i g h t  and l e v e l  f l i g h t  c o n d i t i o n s  a t  30000' a l t i t u d e  and Mach 
1.2 i n  60 seconds .  The s i m u l a t i o n  r e s u l t s  are p r e s e n t e d  i n  F igs .  5-1 
th rough  5-3. The a l t i t u d e  t r a c k i n g  i s  v e r y  good. However, t h e  t h r o t t l e  
h i s t o r y  i n  F i g .  5-3 i n d i c a t e s  t h a t  d u r i n g  t h e  f i rs t  f i v e  s e c o n d s ,  t h e  
c o n t r o l l e r  commanded a n e g a t i v e  t h r o t t l e .  T h i s  i s  caused  by t h e  nominimum 
phase  behavior  of t h e  a i r c r a f t ,  c l e a r l y  d i s c e r n a b l e  i n  t h e  Mach number and 
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a n g l e  of a t t a c k  h i s t o r i e s .  I n  t h e  a c t u a l  implementat ion,  t h e  commanded 
a l t i t u d e  can be modi f ied  t o  inc lude  an i n i t i a l  descend l e g  i n  o r d e r  t o  
compensate f o r  t h e  nonminimum phase behavior .  A l t e r n a t e l y ,  t h e  commanded 
Mach number can be modif ied t o  have an  i n i t i a l  d e c r e a s i n g  segment. I n  any 
c a s e ,  mere command m o d i f i c a t i o n  would f i x  t h e  i n i t i a l  nega t ive  t h r o t t l e  
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Fig.;!'e 5-1. A l t i t u a e  and  Mach N;unber E v o l u t i o n  Along t h e  T r a n s i e n t  
T r a j e c t  or y 
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5-2. Angle of A t t a c k  and F l i g h t  Pa t r l  Arigls E v o l u t i o n  Along t h e  
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F igure  5-3. T h r o t t l e  and E leva to r  D e f l e c t i o n  Along t h e  Trar.:-?::- 
T r a j e c t o r y  . 
5.3.2 Level Acce le ra t ion  
A level  a c c e l e r a t i o n  f l i g h t  t e s t  t r a j e c t o r y  a t  3OOOO' a l t i t u d e  i s  
cons idered  here. 
Mach 1.2 i n  60 seconds.  The t o l e r e n c e  on a l t i t u d e  is  2 50' w h i l e  Mach 
number e r r o r  should  be w i t h i n  20.01. 
maneuver are p resen ted  i n  F i g s .  5-4 through 5-6. The C o n t r o l l e r  w a s  a b l e  t o  
ma in ta in  t h e  a l t i t u d e  w i t h i n  20.1 f e e t  w h i l e  t r a c k i n g  t h e  Mach number w i t h i n  
t h e  given s p e c i f i c a t i o n s .  
F i g .  5-6 are  well w i t h i n  t h e  s a t u r a t i o n  l e v e l s .  
requirment i n  t h i s  maneuver, i t  appears  t h a t  t h e  maneuver t ime could be 
decreased  by about 20 seconds .  
The a i r c r a f t  is r e q u i r e d  t o  a c c e l e r a t e  from Mach 0.9 t o  
The s i m u l a t i o n  r e s u l t s  f o r  t h i s  
The t h r o t t l e  and e l e v a t o r  d e f l e c t i o n s  given i n  
From t h e  maximum t h r o t t l e  
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F i g u r e  5-6. Throt t le  and Eleva tor  D e f l e c t i o n  Along t h e  Level 
A ccel  er a t i o n  F1 i g h t  T es t T r  a j  e c t  o ry  . 
5.3.3 Pushover,  Pul lup  
T h i s  maneuver was i n i t i a t e d  a t  3OOOO' a l t i t u d e  and 0.8 Mach s t r a i g h t  
and l e v e l  f l i g h t  cond i t ion .  The o b j e c t i v e  is t o  t r ack  a piewise l i n e a r  
a n g l e  of a t tack h i s t o r y  g iven  i n  F i g .  5-8 w h i l e  main ta in ing  t h e  Mach number 
c o n s t a n t  a t  t h e  i n i t i a l  value.  The r e s u l t s  of t h e  maneuver s i m u l a t i o n  a re  
given i n  F i g s .  5-7 through 5-9. From F i g .  5-7, i t  can be s e e n  t h a t  t h e  Mach 
nunber error is  w i t h i n  0.001 of t h e  commanded value.  The a n g l e  of a t t a c k  
t r a c k i n g  error is l e s s  than  0 . 2 O  throughout t h e  maneuver. The t h r o t t l e  
h i s t o r y  g iven  i n  F ig .  5-9 shows a sma l l  n e g a t i v e  r e g i o n  a t  t h e  i m i t a t i o n  of 
p u l l u p  a t  30 seconds and is p r i m a r i l y  due t o  t h e  co rne r  i n  t h e  a n g l e  of 
a t tack command. Smoothing t h i s  c o r n e r  i n  t h e  f i n a l  mechanizat ion would 
e l i m i n a t e  t h i s  nega t ive  t h r o t t l e  r e g i o n .  
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F i g u r e  5-8. 
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Figure  5-9. T h r o t t l e  and E leva to r  Def l ec t ion  a long  t h e  Pushover/Pul lup 
F1 i gh t  Tes t  T r a j e c t o r y  . 
5.3.4 Zoom and Pushover 
As noted i n  t h e  maneuver modeling, t h i s  f l i g h t  t e s t  t r a j e c t o r y  i s  
executed  i n  t h r e e  phases .  I n  t h e  f i r s t  phase t h e  a i r c r a f t  is  t r a n s f e r r e d  
from s t r a i g h t  and level  f l i g h t  cond i t ions  t o  t h e  beginning of  t h e  zoom and 
pushover p a r a b o l i c  t r a j e c t o r y .  
pushover t r a j e c t o r y  w h i l e  t h e  t h i r d  phase r e s t o r e s  t h e  a i r c ra f t  t o  t h e  
o r i g i n a l  s t r a i g h t  and l e v e l  f l i g h t  cond i t ion .  
phases a l l  t h e  c o n t r o l s  a re  a c t i v e ,  bu t  t h e  t h r o t t l e  i s  f i x e d  dur ing  t h e  
zoom and pushover t r a j e c t o r y .  
The second phase c o n s i s t s  of t h e  zoom and 
During t h e  f i r s t  and t h i r d  
6 6  
I 
! 
I n  t h e  p r e s e n t  c a s e ,  t h e  a i r c r a f t  i s  f i r s t  trimmed t o  f l y  s t r a i g h t  and 
leve l  a t  30000' a l t i t u d e  and Mach 0.4. An i n i t i a l  t r a n s i e n t  t r a j e c t o r y  is 
t h e n  executed  w i t h  a l l  c o n t r o l s  a c t i v e  u n t i l  t h e  p o i n t  marked A i n  F i g .  5- 
10. A t  t h i s  p o i n t ,  t h e  t h r o t t l e  i s  f i x e d  and t h e  a i r c r a f t  e x e c u t e s  t h e  
p a r a b o l i c  zoom and pushover t r a j e c t o r y  u n t i l  t h e  p o i n t  B i n  t h i s  f i g u r e .  
The t h r o t t l e  is  r e l e a s e d  a t  po in t  B and t h e  a i r c r a f t  performs another  
t r a n s i e n t  maneuver t o  r e s t o r e  i t  t o  t h e  o r i g i n a l  c o n d i t i o n s .  
I 
Since  t h e  c o n t r o l l e r  performance a long  t h e  t r a n s i e n t  t r a j e c t o r y  has  
a l ready been i n v e s t i g a t e d  i n  S e c t i o n  5.3.1, t h e  t r a c k i n g  performance a long  
t h e  zoom and pushover t r a j e c t o r y  w i l l  on ly  be demonstrated h e r e .  The 
a i r c r a f t  begins  t h e  zoom and pushover maneuver a t  about  28000' and Mach 0.45 
and completes  t h e  maneuver a t  about t h e  same c o n d i t i o n s .  The c o n t r o l l e r  
performance i s  i l l u s t r a t e d  i n  F i g s .  5-10 through 5-12. The c o n d i t i o n s  a t  
t h e  apex of t h e  pa rabo la  is  of par t icular  i n t e r e s t  i n  t h i s  maneuver. From 
F i g  5-11, i t  can be observed t h a t  t h e  a n g l e  of a t t a c k  a t  t h e  apex is  w i t h i n  
0.005 r a d i a n  of t he  r e q u i r e d  va lue .  The a l t i t u d e  e r r o r  i s  w i t h i n  50 '  a t  t h e  
apex and t h e  Mach number is wi th in  0.05 of t h e  r e q u i r e d  va lue .  I n i t i a l  
t r a n s i e n t s  i n  a l t i t u d e  and Mach number can be seen  a t  p o i n t  A i n  F i g .  5-10. 
These a r e  e s s e n t i a l l y  d u e  t o  t h e  a v a i l a b i l i t y  of just one c o n t r o l  v a r i a b l e ,  
t h e  e l e v a t o r ,  t o  t r a c k  three s t a t e  v a r i a b l e s :  a l t i t u d e ,  Mach number a n d  
a n g l e  of a t tack .  Thus,  an  i n i t i a l  c o n d i t i o n  e r r o r  on a l t i t u d e  would 
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Figure  5-10. A l t i t u d e  and Mach Number Evc lu t ion  a long  t h e  Zoom and Pushover 
F1 i gh t  T e s t  T r  a j e et ory . 
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Pushover F l i g h t  T e s t  T r a j e c t o r y .  
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F i g u r e  5-12. E leva to r  D e f l e c t i o n  a long  t h e  Zoom and Pushover 
F 1  i g h t  Test  T r a j e c t o r y  . 
5.3.5 Excess T h r u s t  Windup t u r n  
The r e s u l t s  f o r  an excess  t h r u s t  windup t u r n  t r a j e c t o r y  a t  400001 
a l t i t u d e  and Mach 1 . 4  are g iven  i n  F i g s .  5-13 through 5-19. The a l t i t u d e  
and Mach number were r e q u i r e d  t o  be c o n s t a n t  th roughout  t h e  windup t u r n  
t r a j e c t o r y ,  wh i l e  t r a c k i n g  an  a n g l e  of  a t t ack  command as shown i n  F i g .  5-14. 
The a i r c ra f t  r o l l  a l t i t u d e  i n  t h i s  maneuver i s  c l o s e  t o  70° and  r e s u l t s  i n  a 
h i g h l y  coupled  model t o  be c o n t r o l l e d  b y  t h e  maneuver a u t o p i l o t .  I t  can be 
observed  t h a t  t h e  maneuver a u t o p i l o t  ma in ta ined  the  a l t i t u d e  w i t h i n  +5l and 
t h e  Mach number e r r o r  i s  w i t h i n  - +0.002. 
of the  maneuver,  t h e  a n g l e  of a t t a c k  e r r o r  i s  w i t h i n  0.005 r a d i a n  of  t h e  
commanded va lue .  For  about  1 0  seconds  d u r i n g  t h e  beginning  and end of t h e  
maneuver, the  rudder  d e f l e c t i o n  is c l o s e  t o  7 2 O  whi le  i n  t h e  h igh  r o l l  
a t t i t u d e  r e g i o n ,  an  e l e v a t o r  d e f l e c t i o n  of n e a r l y  17O was demanded. T h i s  
i n d i c a t e s  t h a t  a t  t h e  p r e s e n t  f l i g h t  c o n d i t i o n s ,  a l e s s  s t r i n g e n t  maneuver 
shou ld  be a t t empted .  
- 














F i g u r e  5-13. A l t i t u d e  and Mach Number Evr,-;ltion a l o n g  t h e  Excess  T h r u s t  
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F i g u r e  5 -14  Angle of Attack and F l i g h t  Pacri kngie  E v o l u t i o n  a l o n g  t h e  
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F i g u r e  5-15. Roll A t t i t u d e  and  A n g l e  of S i d e  S l i p  Along t h e  Excess T h r u s t  
Windup T u r n  F l i g h t  Test T r a j e c t o r y  
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F i g u r e  5-16. Rol l  and  P i t c h  Body h a t e  E v o l u t i o n  Along  t h e  Excess T h r u s t  
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F i g u r e  5-17. Y a w  Body Rate E v o l u t i o n  a l o n g  t h e  Excess  T h r u s t  Nindup Turn 
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F i g u r e  5-18. T h r o t t l e  and E l e v a t o r  Def l ec l io r l  alc:.g t h e  Excess T h r u s r  
Windup Turn  F l i g h t  Test T r a j F c t o r y  
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F igure  5-19. D i f f e r e n t i a l  T a i l  and Rudder Def l ec t ion  a long  t h e  
Excess T h r u s t  Windup Turn F l i g h t  Test T r a j e c t o r y .  
5 .3 .6  Cons tan t  t h r u s t  windup t u r n  
A descending c o n s t a n t  t h r u s t  windup t r a j e c t o r y  w i l l  be i l l u s t r a t e d  i n  
t h e  fo l lowing .  The a i r c r a f t  s t a r t i n g  a t  s t r a i g h t  and l e v e l  f l i g h t  cond i t ion  
enters a level t u r n  w i t h  l i n e a r l y  i n c r e a s i n g  a n g l e  of a t t a c k ,  u p t o  30 
seconds  i n  F i g .  5-21. A t  t h i s  p o i n t ,  t h e  t h r o t t l e  i s  f i x e d  and t h e  constant 
t h r u s t  windup t r a j e c t o r y  begins .  A t  t h e  end of t he  maneuver, t h e  Angle of 
a t tack is g r a d u a l l y  decreased  t o  t h e  s t r a i g h t  and l e v e l  trim values .  During 
t h e  c o n s t a n t  t h r o t t l e  windup t u r n  t r a j e c t o r y ,  t h e  Mach number i s  t o  remain 
c o n s t a n t .  The s imula t ion  r e s u l t s  f o r  t h i s  maneuver are g iven  i n  F i g s .  5-20 
through 5-26. From F i g .  5-20, i t  can be s e e n  t h a t  t h e  Mach number w a s  
main ta ined  w i t h i n  +0.0075 whi le  t h e  a n g l e  of a t tack t r a c k i n g  error was 
w i t h i n  0.01 r a d i a n s .  The c o n t r o l  s u r f a c e  d e f l e c t i o n s  were w i t h i n  t h e  
s a t u r a t i o n  limits except  a t  t h e  p o i n t  where t h e  c o n s t a n t  t h ro t t l e  windup 
t r a j e c t o r y  began. T h i s  is  due t o  t h e  corner  p r e s e n t  i n  t h e  a l t i t u d e  and 
a n g l e  of a t t ack  command h is tor ies .  By smoothing these c o r n e r s  i n  t h e  
commands, t h e  c o n t r o l  s u r f a c e  l i m i t  v i o l a t i o n  can be avoided.  
- 
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F igu re  5-20. A l t i t u d e  and Mach Number Evo lu t ion  Along t h e  Cons tan t  
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F i g u r e  5-21. Angle of Attack and F l i g h t  P a t h  Angle Evo lu t ion  Along t h e  
Cons tan t  T h r o t t l e  Windup Turn F l i g h t  Test  T r a j e c t o r y .  
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FIpd,-.? 5-22. Roll A l t i t u d e  arid Angle of S i d e  S l i p  Ev3luLA9n Along t h e  
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F igure  5-23. Roll and P i t c h  Body Race Lv;lcltion Along t h e  Constant 
T h r o t t l e  Windup Turn F l i g h t  Test T r a j e c t o r y .  
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Figure  5-24. Yaw Body Rate  Evo lu t ion  along t h e  Constant  T h r o t t l e  
Windup Turn  F l i g h t  T e s t  T r a j e c t o r y .  
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F i g u r e  5-25. T h r o t t l e  and E leva to r  D e f l e c t i o n  a long  t h e  Constant  T h r o t t l e  
Windup T u r n  F l i g h t  T e s t  T r a j e c t o r y .  
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F igure  5-26. D i f f e r e n t i a l  T a i l  and Rudder Def l ec t ion  a long  t h e  Constant 
T h r o t t l e  Windup Turn F l i g h t  T e s t  T r a j e c t o r y .  
5.3.7 Constant Dynamic P res su re  - Constant Load Fac to r  Maneuver 
As noted  i n  t h e  maneuver modeling s e c t i o n ,  t h i s  maneuver can be 
ascending  o r  descending based on the  r e q u i r e d  Mach ra te .  The c o n t r o l l e r  
performance a long  an ascending cons t an t  dynamic p res su re -cons t an t  load  
f a c t o r  t r a j e c t o r y  is  given i n  F igs .  5-27 through 5-34. T h i s  t r a j e c t o r y  
c o n s i s t s  of t h r e e  phases. The f i rs t  phase begins  w i t h  i n i t i a l  cond i t ions  
chosen t o  o b t a i n  t h e  d e s i r e d  dynamic p r e s s u r e .  Next t h e  a i r c r a f t  is  placed 
i n  a t u r n  t o  g e n e r a t e  t h e  r e q u i r e d  load  f a c t o r .  I n  t h e  p re sen t  c a s e ,  a load  
f a c t o r  of 4 was employed. Next, t h e  d e s i r e d  Mach r a t e  i s  i n i t i a t e d  and t h e  
c o n s t a n t  dynamic p res su re -cons t an t  l o a d  f a c t o r  t r a j e c t o r y  is  executed .  I n  
t h e  p re sen t  c a s e ,  i n  o rde r  t o  achieve  a Mach r a t e  of 0.0067/second, t h e  
a i r c r a f t  had t o  climb from 35000' a l t i t u d e  t o  4 3 0 0 0 ' a l t i t u d e  i n  30 seconds.  
These h i s t o r i e s  are given i n  F i g .  5-27. The c o n t r o l  s u r f a c e  d e f l e c t i o n s  a r e  
well w i t h i n  t h e  s a t u r a t i o n  limits except  a t  t h e  p o i n t s  where t h e  a l t i t u d e  
and Mach number commands c o n t a i n s  co rne r s .  The dynamic p r e s s u r e  h i s t o r y  
g iven  i n  F ig .  5-34 was maintained wi th in  4 %  of t h e  r e q u i r e d  value.  
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1 Figl i re  5-29. R o l l  A t t i t u d e  and Angle of S i d e  S l i p  E v o l u t i o n  a l o n g  t h e  
Constant Dynarr:~ Pressure Cons tan t  Load F a c t o r  F l i g h t  Test 
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Figure  5-31. Yaw Body  Rate  a long t h e  Constant  Dynamic P r e s s u r e  Constant  
Load F a c t o r  F l i g h t  T e s t  T r a j e c t o r y .  
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F i g u r e  5-32. T h r o t t l e  and E leva to r  D e f l e c t i o n  Along t h e  Cons tan t  
Dynamic P r e s s u r e  Cons tan t  Load F a c t o r  F l i g h t  Test 
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F i g u r e  5-33. D i f f e r e n t i a l  T a i l  ana k i i a a e r  D e f l e c t i o n  a l o n g  t h e  CorLstai t  
Dynamic P r e s s u r e  Cons tan t  Load F a c t o r  F l i g h t  Test T r a j e c t o r y  
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F i g u r e  5-34. Dynamic P r e s s u r e  a long  t h e  Constant  Dynamic P r e s s u r e  Constant  
Load F a c t o r  F l i g h t  T e s t  T r a j e c t o r y  
5.3 .8  Constant  Reynold ' s  Number - Constant  Load F a c t o r  Maneuver 
T h i s  maneuver sequence  i s  i d e n t i c a l  t o  t h e  c o n s t a n t  dynamic pressure- 
The c o n t r o l l e r  performance f o r  a n e g a t i v e  c o n s t a n t  l o a d  f a c t o r  t r a j e c t o r y .  
Mach r a t e  - Constan t  Reynolds '  number-constant l o a d  f a c t o r  t r a j e c t o r y  is 
given i n  F i g s .  5-35 through 5-42. 
F i g .  5-42 shou ld  be m u l t i p l i e d  by  t h e  c h a r a c t e r i s t i c  d iameter  t o  o b t a i n  t h e  
a c t u a l  Reynold ' s  number. From t h e  performance results given i n  F i g .  5-40 
and 5-41, i t  can be seen  t h a t  t h e  c o n t r o l  s u r f a c e  d e f l e c t i o n s  momentarily 
v i o l a t e  t h e  s a t u r a t i o n  limits a t  t h e  p o i n t s  cor responding  t o  t h e  co rne r s  i n  
t he  commanded va lues .  Throughout t h e  t r a j e c t o r y ,  Reynold 's  number i s  within 
1.5% of -?e r eq i l i r ed  va lue .  
Note t h a t  t h e  Reynold 's  number given i n  
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F i g u r e  5-35. A l t i t u d e  and  Mach Number Evo lu t ion  Along t h e  Constan: 
Reynold 's  Number Cons tan t  Load F a c t o r  F l i g h t  Test 
T r a j e c t  or  y . 
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F i g g r e  5-36. A n g l e  of A t t ack  a n d  F l i g h t  P a t h  Ang?e  E v o l u t i o n  a l o n g  t h e  
C o n s t a n t  R e y n o l d ' s  Number C o n s t a - . t  Lo23 F a c t o r  F l i g h t  Test, 
T r  a j ect  o r y  
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F i g u r e  5-37. Roll A t t i t u d e  a n d  A n g l e  of S i d e  S l i p  E v o l u t i o n  Along t h e  
C o n s t a n t  R e y n o l d ' s  Number C o n s t a n t  L o a d  F a c t o r  F l i g h t  Test 





Figure  5-38. Rol l  and P i t c h  Body Rates a long  t h e  Constant Reynold's Number 
Constant Load Fac t  o r  F 1  i ght  T e s t  T r a j e c t o r y  . 
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F igu re  5-39. Yaw Body Rate  a long  t h e  Constant Reynold's Number Constant 
Load F a c t o r  F l i g h t  Test T r a j e c t o r y .  
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NmjSer Zcnstant io33 Fac to r  F l i g h t  T e s t  T r a j e c t c r y  
0 10 20 30 40 60 60 70 80 80 100 
m, SECONDS 
Figure  5-41. D i f f e r e n t i a l  T a i l  and Rir?dPr  D e f l e c t i Q n  Alcng t h e  7 c ~ s t a - i t  
Reynold's Number Lo?" :a*+ T- F l i g h t  T e s t  T r a j e c t o r y .  
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F i g u r e  5-42. Reynold 's  Number Along t h e  Constant  Reynold 's  Number Cons tan t  
Load F a c t o r  Flight Test  T r a j e c t o r y .  
SECTION 6 
SUMMARY A N D  FUTURE WORK 
T h i s  r e p o r t  summarizes t h e  a n a l y s i s  done i n  t h e  f i r s t  phase o f  a s t u d y  
f o r  deve loping  and v a l i d a t i n g  a f l i g h t  t e s t  t r a j e c t o r y  c o n t r o l l e r  f o r  e i g h t  
maneuvers. System model ing,  c o n t r o l  d e s i g n  r e s u l t s ,  c o n t r o l  des ign  
t e c h n i q u e  e v a l u a t i o n ,  v a l i d a t i o n  and s o f t w a r e  d e l i v e r a b l e  r e s u l t s  and 
c o n c l u s i o n s  are  summarized here. T h i s  f i n a l  s e c t i o n  descr ibes  f u t u r e  work 
which w i l l  b u i l d  upon t h i s  s t u d y  i n  t h e  f u r t h e r  v a l i d a t i o n  and f l i g h t  
t e s t i n g  of these f l i g h t  t es t  t r a j e c t o r y  c o n t r o l l e r s .  
6.1 SYSTEM MODELING 
Wi th  newly developed l i n e a r i z a t i o n  t o o l s  by N A S A  Ames Dryden F l i g h t  
Research F a c i l i t y ,  t h e  l i n e a r  airframe models a re  s t r a i g h t  forwared t o  
o b t a i n .  Command augmentat ion system CAS models a re  impor tan t  and a l t h o u g h  
t h e y  c o m p l i c a t e  t h e  maneuver a u t o p i l o t  d e s i g n s ,  t h e y  a re  e s s e n t i a l  s i n c e  t h e  
maneuver a u t o p i l o t  must work through t h e  CAS i n  t h e  manned s i m u l a t i o n  o r  i n  
t h e  F-15 i t s e l f .  
The o u t p u t  a n a l y t i c a l  c o n s t r a i n e d  r e l a t i o n s  developed i n  s e c t i o n  3 
which d i s c u s s e s  maneuver modeling were found t o  be fundamental  i n  a c h i e v i n g  
a c o n s i s t e n t  maneuver a u t o p i l o t .  The n o n l i n e a r  aerodynamics can be 
e f f e c t i v e l y  reduced  t o  a r e f e r e n c e  command t a b l e  by a p p r o p r i a t e  
l i n e a r i z a t i o n s  throughout  t h e  f l i g h t  envelope .  A small number of l i n e a r  
p e r t u r b a t i o n  models can be used t o  decompose t h e  e i g h t  d e s i r e d  maneuvers 
i n t o  a few se t s  of l i n e a r  p e r t u r b a t i o n  e q u a t i o n s .  
6 .2  CONTROL DESIGN RESULTS 
Output feedback c o n t r o l l e r s  w i t h  a p p r o p r i a t e  i n t e g r a l  aerostates  were 
fou!?d t o  be t h e  s i m p l e s t  form of feedback c o n t r o l l e r s .  I n t e g - 3 1  a e r o s t a t e s  
must be chosen c a r e f u l l y  t o  avoi  $ c - ? t - ? l I  zt'! 1 i t y  problems wk,i ch a r e  
prob lema t i c  i n  t h e  des ign  s t a g e .  
i n  t h e  c o n t r o l  des ign  t e c h n i q u e  was found t o  be a powerful method when 
working w i t h  t h e  h igh  o r d e r  augmented and coupled models.  I t  was found t h a t  
a f i v e  second r e sponse  time w i t h  a minimal amount of overshoot  was 
s t r a i g h t f o r w a r d  t o  achieve a t  a l l  des ign  p o i n t s .  
The use  of a guaranteed  s t a b i l i t y  margin 
6.3 CONTROL DESIGN TECHNIQUE EVALUATIONS 
The e i g e n s t r u c t u r e  assignment  t echn ique  was found t o  work well  on a 
b a r e  a i r f r a m e  bu t  w i t h  a complex augmented model was not  u s e f u l  as a des ign  
t e c h n i q u e  because there  i s  no procedure  t o  perform a converging i t e r a t i v e  
des ign  approach.  
The minimum e r r o r  e x c i t a t i o n  o u t p u t  feedback method w i t h  a p r e l i m i n a r y  
gua ran teed  s t a b i l i t y  margin f u l l  s t a t e  des ign  worked w e l l  a t  a l l  f l i g h t  
condi  ti ons . 
6.4 M A N E U V E R  AUTOPILOT V A L I D A T I O N  
The maneuver a u t o p i l o t s  were v a l i d a t e d  i n  a l i n e a r  s i m u l a t i o n .  The 
t r a c k i n g  r e s p o n s e  f o r  r e a s o n a b l y  h igh  performance maneuvers were found t o  be 
q u i t e  a c c e p t a b l e ,  and excep t  f o r  exceeding  t h e  c o n t r o l  a u t h o r i t y  a t  i s o l a t e d  
p o i n t s ,  i s  ready  f o r  f u r t h e r  t e s t i n g  i n  a f u l l  n o n l i n e a r  s i m u l a t i o n .  
6.5 SOFTWARE DELIVERABLES 
The t o o l s  used i n  model development c o n t r o l  des ign  e v a l u a t i o n  and 
d e s i g n  throughout  t h e  envelope  as w e l l  as v a l i d a t i o n  were made a v a i l a b l e  t o  
NASA Ames Dryden F l i g h t  Research F a c i l i t y .  
s i m u l a t i o n  mechanized i n  I S I ' s  MATRIXx SYSTEM - B U I L D  (see Appendix A ) .  
a d d i t i o n  a s t a n d  a l o n e  program which performs a t h r e e  d imens iona l  
These inc luded  a time va ry ing  
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i n t e r p o l a t i o n  i n  s t a t e  v a r i a b l e s  and c o n v e r t s  t h i s  th rough t h e  i n t e r p o l a t i o n  ! 
1 i n t o  a 1 D  t ab l e  as a f i l nc t ion  of time f o r  a s p e c i f i c  maneuvers was developed 
I i n  SYSTEM BUILD t o  mechanize a time v a r y i n g  s i m u l a t i o n .  Documented command 
I f i l e s  were d e l i v e r e d  f o r  t h e  model g e n e r a t i o n ,  c o n t r o l  law d e s i g n ,  and 




I maneuver. Command f i l e s  f o r  b u i l d i n g ,  l o a d i n g  t h e  da t a  and e x e c u t i n g  a time 
I c o n s t r u c t i o n  of l i n e a r  s i m u l a t i o n  u s i n g  a s i n g l e  model th roughout  t h e  f l i g h t  
I 
vary ing  s i m u l a t i o n  model were a l s o  provided .  1 
I 6.6 FUTURE WORK 1 
The n e x t  phase  of t h i s  s t u d y  w i l l  i nvo lve  v a l i d a t i o n  of f l i g h t  t e s t  I 
t r a j e c t o r y  c o n t r o l  laws i n  a ba tch  n o n l i n e a r  s i m u l a t i o n .  The g a i n  s c h e d u l e d  
l i n e a r  p e r t u r b a t i o n  c o n t r o l l e r s  developed i n  t h i s  s t u d y  Are c u r r e n t l y  r e a d y  
f o r  v a l i d a t i o n  i n  s u c h  a s i m u l a t i o n .  The f i n e n e s s  of t h e  d i s c r e t i z a t i o n  
both  of  t h e  r e f e r e n c e  commands and l i n e a r  p e r t u r b a t i o n  models may need t o  be 
r e v i s e d  i n  t h e  n e x t  phase.  An open-loop s i m u l a t i o n  of t h e  r e f e r e n c e  c o n t r o l  
va lues  w i l l  g i v e  an  i n i t i a l  check of t h e  accu racy  of our  n o n l i n e a r  t a b u l a r  
model. The n o n l i n e a r  s i m u l a t i o n  provided  by NASA Ames Dryden F l i g h t  





I dynamics and S e n s o r  models. The s t r u c t u r e  of t h e  n o n l i n e a r  c o n t r o l  l a w ,  
1 
~ 
w h i l e  o n l y  o u t l i n e d  here,  was developed  t o  a p o i n t  where w i t h  some syrnbolic 
or a l g e b r a i c  man ipu la t ion  by hand,  i t  can  be mechanized o n  t h e  n o n l i n e a r  
s i m u l a t i o n .  The advantage  of t h i s  c o n t r o l  law is  t h a t  a s i n g l e  s e t  of g a i n s  
w i l l  work  for  a l l  maneuvers th roughou t  t h e  envelope .  Such a t ransformed 
l i n e a r  sys t em can be e a s i l y  c o n t r o l l e d  and t h e  r e s u l t i n g  g a i n s  back 
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APPENDIX A 
FLIGHT TEST TRAJECTORY CONTROLLER SYNTHESIS 
WITH CONSTRAINED EIGENSTRUCTURE ASSIGNMENT 
A- 1 
I 1 I N T R O D U C T I O N  : 
T h i s  Appendix g i v e s  t h e  d e t a i l s  of research conducted on t h e  
e i g e n s t r u c t u r e  assignment .  The m a t e r i a l  i n  t h e  Appendix A - I  was p r e s e n t e d  
as a paper  i n  t h e  1985 American C o n t r o l  Conference a t  Boston.  
and A - I 1 1  g i v e  t h e  a i r c r a f t  - C A S  models and t h e  c o n s t r a i n e d  e i g e n s t r u c t u r e  
d e s i g n s  a t  two f l i g h t  c o n d i t i o n s .  
e i g e n v a l u e s  and e i g e n v e c t o r s  used i n  t h e  s y n t h e s i s .  
Appendix A-I1 
Appendix A - I V  g i v e s  t h e  d e s i r e d  
The a i r c r a f t  - CAS model used here i s  of t h e  form 
x = FX + CU 
y = H X  
where: 
t h e  s t a t e  v a r i a b l e s  x are  t h e  p e r t u r b e d  v a l u e s  of 
V ,  t o t a l  a i r s p e e d  
a, Angle of a t t a c k  
q, p i t c h  body r a t e  
8 ,  p i t c h  a t t i t u d e  
B ,  a n g l e  of s i d e s l i p  
p ,  r o l l  body r a t e  
Y ,  yaw body r a t e  
4 ,  roll a t t i t u d e  
h ,  a l t i t u d e  
e n g i n e  a c t u a t o r  s t a t e  and 21 CAS s t a t e s  
U: t h e  cont ro l  v e c t o r  c o n s i s t s  of p e r t u r b e d  v a l u e s  of t h r o t t l e ,  
e l e v a t o r ,  d i f f e r e n t i a l  t a i l  and r u d d e r .  
I 
y :  t h e  measurement vec to r  and c o n s i s t s  of t h e  pe r tu rbed  va lues  
of 
p: r o l l  angu la r  a c c e l e r a t i o n  
A n :  normal a c c e l e r a t i o n  
q: p i t c h  r a t e  
q:  p i t c h  a n g u l a r  a c c e l e r a t i o n  
p: r o l l  r a t e  
A : y-body a c c e l e r a t i o n ,  no t  a t  t h e  v e h i c l e  c e n t e r  of 
Y , i  
gr avi  t y  
r: yaw angu la r  a c c e l e r a t i o n  
r: yaw r a t e  
h: a l t i t u d e  
M: mach number 
a :  a n g l e  of a t t a c k  
n: l o a d  f a c t o r  
@: r o l l  a t t i t u d e  
8: p i t c h  a t t i t u d e  
1;: a l t i t u d e  r a t e  
u9: x-body a x i s  v e l o c i t y  
A nx : x-body a x i s  a c c e l e r a t i o n  a t  v e h i c l e  C.G.  
CONCLUSIONS: 
The c o n s t r a i n e d  e i g e n s t r u c t u r e  assignment des ign  procedure  i n  i t s  
p r e s e n t  form demands s e v e r a l  i t e r a t i o n s  t o  converge t o  a s a t i s f a c t o r y  d e s i g n  
and does no t  appear t o  e a s i l y  y i e l d  s u i t a b l e  i n s i g h t  f o r  ou tpu t  feedback  
d e s i g n  of h i g h  o r d e r  m u l t i v a r i a b l e  systems. If a r a t i o n a l  method t o  
g e n e r a t e  an a c h i e v a b l e  set  of desired e i g e n v e c t o r s  i s  dev i sed ,  t h i s  
t e c h n i q u e  w i l l  be made more a t t r a c t i v e .  
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A- I- 2 
1.  I N T R O D U C T I O N :  - - 
F l i g h t  t e s t  t r a j e c t o r y  c o n t r o l  i s  a t echn ique  des igned  t o  a i d  i n  t h e  
c o l l e c t i o n  of l a r g e  q u a n t i t i e s  of h igh  q u a l i t y  d a t a .  T h i s  t e c h n i q u e  has  
provided  t h e  means f o r  f l y i n g  maneuvers c o n s i s t a n t l y ,  p r e c i s e l y ,  and r e p e a t -  
a b l y  from f l i g h t  t o  f l i g h t .  Two v e r s i o n s  of t h e s e  c o n t r o l l e r s  have been 
used: a c losed - loop  a u t o m a t i c  system and an  open-loop system p rov id ing  
manual p i l o t i n g  in fo rma t ion .  A c losed- loop  sys t em used t o  c o l l e c t  pe r -  
formance,  p r e s s u r e s ,  and l o a d s  d a t a  from t h e  h i g h l y  maneuverable a i r c r a f t  
t echnology (HIMAT) v e h i c l e  is  d e s c r i b e d  i n  [ l ] .  
open-loop system on t h e  N A S A  F-111 t r a n s o n i c  a i r c r a f t  t echnology ( T A C T ) ,  
F-15 a i r f r a m e / p r o p u l s i o n  system i n t e r a c t i o n  s t u d i e s ,  and F-15 s h u t t l e  t i l e s  
t e s t  programs a r e  g iven  i n  [23 .  
The a p p l i c a t i o n  of t h e  
O r i  g i n a l l  y , t h e  open-1 oop f 1 i ght-  tes  t- t r a j  e c t  ory g u i  dance a1  gor i thms 
were developed o n - l i n e ,  i n  a p i l o t e d  s i m u l a t i o n  u s i n g  c u t - a n d - t r y  t e c h n i q u e s  
t h a t  was n o t  o n l y  man power intensive,  bu t  o f t e n  produced less  t h a n  desir- 
able  c o n t r o l l e r s .  A c losed - loop  s y s t e m  des igned  u s i n g  one-loop-at-a- t ime 
c l a s s i c a l  des ign  approach i s  documented i n  [3].  F u l l - s t a t e  f eedback  
approach  f o r  c losed - loop  sys t em des ign  u s i n g  L i n e a r  q u a d r a t i c  s y n t h e s i s  is 
d e s c r i b e d  i n  [4] .  Both these approaches  have l i m i t a t i o n s  i n  terms of des ign  
methodology and c o n t r o l l e r  complexi ty .  
The r e s e a r c h  c u r r e n t l y  underway i n c l u d e s  an  e x p l o r a t i o n  of v a r i o u s  
The f i r s t  approach  m u l t i v a r i a b l e  s y n t h e s i s  t e c h n i q u e s  f o r  t h i s  problem. 
cons ide red  is  t h a t  of c o n s t r a i n e d  e i g e n  v a l u e l e i g e n  v e c t o r  ass ignment  [5 ] .  
A primary goa l  is t o  deve lop  c o n t r o l l e r s  based on o u t p u t  f eedback  s o  as t o  
d e c r e a s e  c o n t r o l l e r  complexi ty  and t o  enhance r o b u s t n e s s .  The o b j e c t i v e  
of t h i s  paper  is t o  p o i n t  o u t  s t r e n g t h s  and weakness of t h i s  t e c h n i q u e  when 
used i n  a ,  r e a l i s t i c ,  r e l a t i v e l y  a l a r g e  problem such a s  r e q u i r e d  f o r  f l i g h t  
t es t  t r a j e c t o r y  c o n t r o l l e r s  . 
A-1-3 
2. THE FLIGHT TEST TRAJECTORY CONTROL PROBLEM: 
F l i g h t  t e s t  t r a j ec to r i e s  a re  f lown t o  e v a l u a t e  an  a i r c r a f t  w i t h i n  i t s  
known o p e r a t i o n a l  enve lope  and t o  explore  t h e  boundar i e s  of i t s  c a p a b i l i -  
t i es .  T h i s  makes t h e  f l i g h t  t e s t  t r a j e c t o r y  c o n t r o l  a v e r y  demanding t a s k .  
C o n t r o l  s y s t e m s  d e s i g n e d  f o r  t h i s  pu rpose  m u s t  n o t  o n l y  o p e r a t e  s a t i s f a c -  
t o r i l y  i n  terms of keep ing  t h e  f l i g h t  t e s t  v a r i a b l e s  w i t h i n  acceptab le  
t o l e r a n c e  b u t  s h o u l d  a l s o  be r e a s o n a b l y  i n s e n s i t i v e  t o  model parameter  
v a r i a t i o n s .  
An approach t 0 c l  osed- loop  f 1 i g h t  t e s t  t r a j e c t o r y  c o n t r o l  1 er s y n t h e s i s  
c o n s i s t s  of l i n e a r i z i n g  t h e  a i r c r a f t  model a t  s e v e r a l  f l i g h t  c o n d i t i o n s  
a b o u t  t h e  f l i g h t  t e s t  t r a j e c t o r y  and d e s i  gn ing  mu1 t i  v a r i a b l e  c o n t r o l l e r s  , 
which i n  some s e n s e  minimizes  t h e  d e v i a t i o n s  from t h e  r e f e r e n c e  p a t h .  Time 
v a r y i n g  n a t u r e  of t h e  l i n e a r i z e d  a i r c r a f t  model a l o n g  t h e  r e f e r e n c e  p a t h  
b r i n g s  abou t  t h e  need  f o r  s c h e d u l i n g  g a i n s  as a f u n c t i o n  of time o r  as func-  
t i o n s  of some i m p o r t a n t  f l i g h t  v a r i a b l e s  s u c h  as dynamic p r e s s u r e ,  Mach 
number e tc .  The g a i n  s c h e d u l i n g  aspects w i l l  n o t  be pursued  any  f u r t h e r  i n  
t h i s  pape r ,  and  i n  a l l  t h a t  fo l lows ,  d i s c u s s i o n s  w i l l  c e n t e r  a round  a 
l i n e a r - t i m e - i n v a r i a n t  a i r c ra f t  model. F u r t h e r ,  though t h e  f l i g h t  t e s t  t r a -  
j e c t o r y  c o n t r o l l e r  i s  d iscre te ,  i n  t h i s  p r e l i m i n a r y  s t a g e  i t  w i l l  be assumed 
t h a t  t h e  s a m p l i n g  r a t e  i s  s u f f i c i e n t l y  h i g h ,  p e r m i t t i n g  t h e  a p p l i c a t i o n  of  
c o n t i n u o u s  c o n t r o l  d e s i g n  t e c h n i q u e s .  
The a i r c ra f t  under  c o n s i d e r a t i o n  i s  a h i g h  performance f i g h t e r  w i t h  
command a u g m e n t a t i o n  sys t em ( C A S )  engaged i n  a l l  t h e  three axes .  The CAS is 
a h i  gh ly  n o n l  i n e a r  sys t em w i  t h  s a t u r a t i o n s ,  mu1 t i p 1  i c a t i v e  non l  i n e a r i  t i e s  
and g a i n  s c h e d u l e s .  A t  a p a r t i c u l a r  f l i g h t  c o n d i t i o n ,  t h i s  sys t em can  be 
approximated  by a l i n e a r  sys t em w i t h  " e q u i v a l e n t "  g a i n s  d e r i v e d  fran non- 
l i n e a r  s i m u l a t i o n s .  The  a i r c r a f t  model a t  t h e  same f l i g h t  c o n d i t i o n  i s  
o b t a i n e d  from a g e n e r i c  a i r c r a f t  l i n e a r i z a t i o n  code developed  a t  NASA-Dryden 
F l i g h t  Research F a c i l i t y  [6]. The s t a t e  v a r i a b l e s  used  are t o t a l  s p e e d ,  
a n g l e  of a t tack  and  a n g l e  of s i d e s l i p ,  p i t c h  r a t e ,  yaw r a t e ,  r o l l  r a t e ,  
p i t c h  a t t i t u d e ,  roll a l t i t u d e  and a l t i t u d e .  T h r o t t l e ,  r u d d e r ,  e l e v a t o r  and 
d i f f e r e n t i a l  t a i l  c o n s t i t u t e  t h e  c o n t r o l  v a r i a b l e s .  The e n g i n e  dynamics a r e  
modeled as  a f irst  order l a g .  Thus ,  t h e  a i r c r a f t  t o g e t h e r  w i t h  CAS a t  a 
p a r t i c u l a r  f l i g h t  c o n d i t i o n  is a coup led  31-st order sys tem w i t h  f o u r  con- 
trols, t h e  a i r c r a f t  model having  10 s t a t e s .  A block diagram of t h e  sys tem 
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w i t h  f l i g h t  t e s t  t r a j e c t o r y  c o n t r o l l e r  ( c a l l e d  t h e  Maneuver A u t o F i l o t  h e r e )  
i n c l u d e d  i n  t h e  l o o p  i s  shown i n  F i g u r e  1 .  Note t h a t  MAP c o n t r o l s  t h e  a i r -  
c r a f t  t h r o u g h  CAS.  Due t o  t h i s ,  even i f  t h e  a i r c r a f t  model is decoupled  i n  
l o n g i t u d i n a l  and l a t e r a l  a x e s  a t  a p a r t i c u l a r  f l i g h t  c o n d i t i o n ,  t h e  CAS i n -  
troduces a s t r o n g  c o u p l i n g  i n t o  t h e  sys tem.  I n  c o n c i s e  t e r m s ,  t h e  ch ief  
o b j e c t i v e  of t h e  p r e s e n t  s t u d y  is t o  s y n t h e s i z e  t h e  maneuver a u t o p i l o t  s o  a s  
t o  e f fec t  s a t i s f a c t o r y  t r a n s i e n t  r e sponse .  S i x  maneuvers have been 
a n a l y z e d ,  which a r e  s k e t c h e d  be lou .  
- - - 
2.1 Level  Acceleration/Deceleration 
T h i s  i s  a w i n g s - l e v e l ,  c o n s t a n t  a l t i t u d e  maneuver w i t h  Kach number 
c o n s t a n t  or chang ing  a t  a s p e c i f i e d  r a t e .  
2 .2  Pushover ,  P u l l u p  
T h i s  i s  a w i n g s - l e v e l ,  c o n s t a n t  Mach number maneuver i n  which  a n g l e  of 
a t t a c k  is  v a r i e d  a s p e c i f i e d  inc remen t  a b o u t  t h e  trim v a l u e  a t  some speci-  
f i e d  r a t e .  
2.3 Zoom and Pushover 
The zoom and pushover  i s  a w i n g s - l e v e l ,  t h r u s t  s t a b i l i z e d  less t h a n  l g  
maneuver. T h e  f l i g h t  t r a j e c t o r y  is  a p a r a b o l i c  p a t h  w i t h  t h e  t a r g e t  
M a c h / a l t i t u d e / a n g l e  of a t tack p o i n t  a t  t h e  apex.  
2.4 Excess  T h r u s t  Windup Turn  
T h i s  i s  a maneuver w i t h  a n g l e  of a t tack  l i n e a r l y  i n c r e a s i n g  from t h e  
wings- leve l  trim c o n d i t i o n  t o  some s p e c i f i e d  f i n a l  v a l u e  a t  a s p e c i f i e d  
r a t e .  The maneuver i s  performed a t  c o n s t a n t  a l t i t u d e  and c o n s t a n t  Mach 
number. 
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2.5 Cons tan t  T h r o t t l e  Windup Turn 
T h i s  i s  a maneuver w i t h  a n g l e  of  a t t a c k  i n c r e a s i n g  l i n e a r l y  a t  a 
s p e c i f i e d  r a t e  from trim t o  some s p e c i f i e d  f i n a l  va lue .  T h e  maneuver is 
performed a t  a p rede te rmined ,  c o n s t a n t  t h r u s t  l e v e l .  Mach number i s  main- 
t a i n e d  by t r a d i n g  p o t e n t i a l  f o r  k i n e t i c  ene rgy  v i a  an  a p p r o p r i a t e  a l t i t u d e  
ra te .  
2.6 Cons tan t  Reynolds Number and Cons tan t  Load F a c t o r  T r a j e c t o r y  
T h i s  maneuver i s  i n i t i a t e d  a t  a p rede te rmined  l o a d  f a c t o r ,  Mach num- 
ber, and d y n a T i c  p r e s s u r e .  Thus ,  t h e  i n i t i a t i o n  of t h i s  maneuver i s  n o t  
n e c e s s a r i l y  t h e  wings- leve l  c o n d i t i o n .  T h i s  maneuver can  be e i t h e r  an  
a s c e n d i n g  or  d e s c e n d i n g  maneuver a t  a s p e c i f i e d  Mach number r a t e .  Reynolds 
number and  load  f a c t o r  a r e  h e l d  c o n s t a n t  t h roughou t  t h e  maneuver. A l t i t u d e  
is g a i n e d  o r  l o s t  t o  m a i n t a i n  Reynolds number w i t h  changing  Mach number. 
The s i m p l e s t  of these i s  t h e  l e v e l  acceleration/deceleration t r a j e c -  
t o r y  and  t h e  M A P  d e s i g n  f o r  t h i s  maneuver w i l l  be used  as t h e  i l l u s t r a t i v e  
example i n  t h i s  pape r .  
3. OUTPUT FEEDBACK DESIGN: 
As i n d i c a t e d  e a r l i e r ,  o u t p u t  f e e d b a c k  is a t t r a c t i v e  because  of s i m p l i -  
c i t y .  F u r t h e r ,  g a i n  s c h e d u l i n g  w i l l  be e s s e n t i a l  i n  t h i s  s i t u a t i o n  and  i n  
order t o  minimize  t h e  amount of s t o r e d  d a t a ,  i t  is des i rab le  t o  have  a 
c a p a b i l i t y  t o  impose c o n t r o l  s t r u c t u r a l  c o n s t r a i n t s .  
C u r r e n t l y ,  s e v e r a l  approaches a re  a v a i l a b l e  for  o u t p u t  feedback 
design, see Refs [5, 7-10] fo r  example. I t  i s  n o t  t h e  p u r p o s e  of t h i s  paper  
t o  compare and c o n t r a s t  these,  b u t  t o  e v a l u a t e  a spec i f i c  t e c h n i q u e  from a n  
a p p l i c a t i o n  p o i n t  of view. C o n s t r a i n e d  e i g e n  v a l u e l e i g e n  v e c t o r  ass ignment  
t e c h n i q u e  of [ 5 ]  was u s e d  i n  t h i s  p a r t i c u l a r  a p p l i c a t i o n  w i t h  t h e  hope t h a t  
i t  would permit t h e  g e n e r a t i o n  of d e s i g n s  based  on  t h e  c l a s s i ca l  n o t i o n s  of 
poles,  zeros and t h e i r  r e l a t i v e  l o c a t i o n  i n  t h e  complex p l a n e .  
- A d d i t i o n a l l y ,  t h e  s e l e c t i o n  of t h i s  t e c h n i q u e  was mot iva t ed  by t h e  e x a r p l e  
i n  [5], v i z ,  t h e  l a t e r a l  a x i s  s t a b i l i t y  Augmentation System f o r  t h e  L1011 
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a i r p l a n e .  S a l i e n t  f e a t u r e s  of t h i s  approach a r e  o u t l i n e d  i n  t h e  fo l lowing  
f o r  c l a r i t y  of t h e  subsequent  d i s c u s s i o n s .  
3.1 C o n s t r a i n e d  Eigen Value Vector Assignment [ 5 3 :  
Consider  t h e  l i n e a r  t ime i n v a r i a n t  systern 
x = A X  + BU 
y = c x  
w i t h  
compat ib le  dimensions.  
X E R n ,  U E. R m ,  y E R r  and A ,  B ,  C a r e  r e a l  cons t an t  m a t r i c e s  of 
I t  i s  d e s i r e d  t o  des ign  a feedback c o n t r o l l e r  of t h e  form 
U = Fy 
w i t h  a s t r u c t u r a l  c o n s t r a i n t  t h a t  some s p e c i f i e d  e lements  of F s a t i s f y  
-s 
I t  is  assumed t h a t  t h e  system can be s t a b i l i z e d  w i t h  g iven  o u t p u t s  y ,  
and t h a t  a n y  dynamic compensators  r e q u i r e d  have been appended t o  t h e  
o r i g i n a l  system. 
The  des ign  problem is: given a s e l f  con juga te  s e t  of s c a l a r s  
{ A  ) i = 1 ,  2 ... r ,  and a cor responding  s e l f  c o n j u g a t e  s e t  of n v e c t o r s  
{ v i ]  i = 1 ,  2 ... r ,  a n d  a g iven  c o n t r o l l e r  s t r u c t u r a l  c o n s t r a i n t ,  f i n d  a 
r e a l  m x r m a t r i x  F such t h a t  r of t h e  e i g e n  v a l u e s  of A + BFC a r e  
"c lose1 '  t o  t h e  s e t  { A , )  and t h e  co r re spond ing  e i g e n  v e c t o r s  of A + BFC a r e  






Note t h a t  i f  t h e r e  a r e  no c o n s t r a i n t s  on t h e  feedback m a t r i x ,  i t  i s  - 
f e a s i b l e  t o  p l a c e  r d e s i r e d  e igen  v a l u e s  e x a c t l y .  
However, one i s  not  a t  l i b e r t y  t o  p l a c e  v , ,  v 2  ... v by an a r b i t r a r y  
s e t  of d e s i r e d  c l o s e d  loop  e igen  v e c t o r s  { v . )  i - 1 ,  2 ... r s i n c e  t h i s  s e t  
migh t  not  belong t o  t h e  s e t  of a s s i g n a b l e  c losed  loop  e i g e n v e c t o r s .  I t  then 
becomes n e c e s s a r y  t o  f i n d  some approximation t o  t h e  s e t  { v . ]  which i s  
a s s i g n a b l e ,  y e t  q 'c lose 'q  i n  some s e n s e  t o  t h e  o r i g i n a l  { v .  1. I t  w i l l  be seen  
subsequen t ly  t h a t  t h i s  is t h e  main d i f f i c u l t y  i n  t h e  a p p l i c a t i o n  of t h i s  
t echn ique  t o  a complex problem such a s  f l i g h t  t e s t  t r a j e c t o r y  c o n t r o l l e r  








Complete d e t a i l s  of t h i s  approach can be found i n  [51. I t  i s  perhaps 
of i n t e r e s t  t o  n o t e  t h a t  i n  a d d i t i o n  t o  t h e  c a p a b i l i t y  t o  handle  c o n t r o l l e r  
s t r u c t u r e  c o n s t r a i n t s ,  t h i s  t echn ique  can be modif ied t o  a c c e p t  p a r t i a l  
s p e c i f i c a t i o n  of e igen  v e c t o r s .  
sys tems.  I n  summary, t o  employ t h i s  s y n t h e s i s  approach ,  t h e  fo l lowing  a r e  
r e q u i r e d .  
T h i s  f e a t u r e  can be v a l u a b l e  i i  h i g h  o r d e r  
c l o s e d  l o o p  e i g e n v e c t o r s  v 
m u s t  l i e  i n  t h e  subspace  spanned by t h e  columns of t h e  m a t r i x  ( X i I - A ) B 1 .  
F u r t h e r ,  t h e  m a t r i x  C V ,  V - { v , ,  v2 . .. v 1 shou ld  be i n v e r t i b l e .  
complete  s p e c i f i c a t i o n  of d e s i r e d  e i g e n v e c t o r s  a r e  n o t  f e a s i b l e ,  a rough 
ru l e  is t o  p i c k  t h e  entries i n  t h e s e  e i g e n v e c t o r s  as z e r o s  o r  ones  based on 
co r re spond ing  t o  t h e  c l o s e d  loop  e i g e n v a l u e s  A i  i 
If t h e  r 
I 
I whether a p a r t i c u l a r  measurement needs t o  c o n t r i b u t e  t o  a p a r t i c u l a r  mode o r  
no t .  I n  any c a s e ,  c o n s t r u c t i n g  a s e t  of d e s i r e d  e i g e n v e c t o r s  t h a t  a r e  
a s s i g n a b l e  c o n s t i t u t e s  t h e  most d i f f i c u l t  p a r t  of t h i s  des ign  t echn ique .  
( i )  Based on t h e  p r a c t i c a l  a s p e c t s  of t h e  problem, choose a minimal 
se t  of measurements which w i l l  permit  t h e  d e s i g n e r  t o  a c h i e v e  t h e  
d e s i r e d  performance. I n t r o d u c e  dynamic compensators  such a s  
i n t e g r a l  f eedbacks ,  l e a d - l a g  ne tworks ,  e t c .  , based on expe r i ence .  
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4 .  FLIGHT T E S T  TRAJECTORY CONTROLLFR SYNTHESIS: 
-_____l_---------- 
As an i l l u s t r a t i v e  e x a n p l e ,  c o n s t r a i n e d  e i g e n s t r u c t u r e  ass ignment  
t e c h n i q u e  is n e x t  u s e d  i n  t h e  d e s i g n  of l e v e l  a c c e l e r a t i o n l d e c e l e r a t i o n  
f l i g h t  t es t  t r a j e c t o r y .  A l t e r n a t e  des ign  approaches  have been used  f o r  this 
maneuver and hence  compara t ive  e v a l u a t i o n  was f e a s i b l e .  T h e  l e v e l  
acceleration/deceleration maneuver requires t h e  r o l l  a t t i  t u d e  t o  be main- 
t a i n e d  z e r o  and t h e  a l t i t u d e  t o  be h e l d  c o n s t a n t .  T h e  mach nurnber shouid  be 
main ta ined  c o n s t a n t  or s h o u l d  change a t  a s p e c i f i e d  r a t e .  To e n s u r e  z e r o  
s t e a d y  s t a t e  errors, i n t e g r a l  f eedbacks  a r e  f i r s t  i n t r o d u c e d  i n  t h e  a l t i t u d e  
and mach number channe l s .  S i n c e  t h e  mach number command can be a ramp, a n  
a d d i t i o n a l  i n t e g r a t o r  i s  r e q u i r e d  i n  t h i s  channel  t o  d e c r e a s e  t r a c k i n g  
errors.  T h i s ,  however,  was n o t  done because  t h e  t r a c k i n g  e r rors  w i t h  a 
s i n g l e  i n t e g r a l  feedback  has been found t o  be  w i t h i n  a c c e p t a b l e  y a l u e s .  
T h e  d e s i r e d  e i g e n v a l u e s  t o  be used  i n  t h e  des ign  a r e  c lear  a t  t h e  ou t -  
s e t ,  based  o n  t h e  f o u r  modes f o r  a i r c r a f t  model, v i z ,  t h e  phugoid ,  s h o r t  
p e r i o d ,  d u t c h  r o l l  and r o l l  convergence .  The c o n t r o l l e r  s t r u c t u r e  con- 
s t r a i n t  i n  t h i s  f l i g h t  maneuver i s  t h a t  t h e  errors i n  l a t e r a l  channel  w i l l  
be c o r r e c t e d  u s i n g  r u d d e r  and d i f f e r e n t i a l  t a i l ,  w h i l e  t h e  errors  i n  l o n g i -  
t u d i n a l  channe l  w i l l  be corrected u s i n g  e l e v a t o r  and  t h r o t t l e .  I n  view of 
t h e  time v a r y i n g  n a t u r e  of t h e  model,  one  would l i k e  t o  p i c k  a s e t  of e igen-  
v a l u e s  and e i g e n v e c t o r s  a t  a p a r t i c u l a r  f l i g h t  c o n d i t i o n  t h r o u g h  e x t e n s i v e  
d e s i g n  i t e r a t i o n s  and t h e n  a t t e m p t  t o  u s e  these  a t  o ther  f l i g h t  c o n d i t i o n s .  
The  choice of d e s i r e d  e i g e n v e c t o r s  i s  n o t  c lear  a t  t h i s  p o i n t .  Three  
approaches  were t r i e d  w i t h  v a r y i n g  d e g r e e s  of s u c c e s s .  
i n  t h e  f o l l o w i n g .  
These  a r e  s k e t c h e d  
4.1 Minimal ly  R e s t r u c t e r e d  Eigenass ignment  
S i n c e  i t  is known t h a t  t h e  c l o s e d  l o o p  e i g e n v e c t o r s  l i e  i n  a s u b s p a c e  
spanned  by t h e  columns of ( X i I - A )  
these v e c t o r s  were used  a s  d e s i r e d  e i g e n  v e c t o r s .  The weights  t o  be used  i n  
g e n e r a t i n g  these l i n e a r  combina t ions  were c o n s t r u c t e d  from t h e  a d d i t i o n a l  
i n f o r m a t i o n  t h a t  unass igned  e i g e n v e c t o r s  s h o u l d  be close t o  t h e i r  open l o o p  
v a l u e s  i n  a l e a s t  s q u a r e  s e n s e .  
-1 B , i - 1 ,  ... n ,  l i n e a r  combina t ions  of 
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4.2 Decoupling Eigenassignment  
A v a r i a t i o n  t o  t h e  above was a t tempted  n e x t .  S ince  we a r e  i n t e r e s t e d  i n  
h a v i n g  t h e  l e a s t  c r o s s  a x i s  coupl ing  i n  t h e  c o n t r o l l e r  a s  p o s s i b l e ,  t h e  
d e s i r e d  e i g e n v e c t o r s  i n  t h e  l o n g i t u d i n a l  channel may be chosen t o  t h a t  t h e  
r e s p o n s e s  from l a t e r a l  channels  a r e  b locked ,  i . e .  s e l e c t  e i g e n v e c t o r s  a s  
n 
v d  = 1 a i v i  
i= 1 
V d  a r e  t h e  d e s i r e d  e i g e n v e c t o r s .  
4.1. Though t h e s e  two approaches could  be made t o  work a t  each f l i g h t  con- 
d i t i o n  by i t e r a t i n g  on t h e  d e s i r e d  e igen  v a l u e s ,  they  f a i l e d  t o  e a s i l y  pro- 
duce a s e t  of a c c e p t a b l e  e igen  v e c t o r s  which could be used a t  o t h e r  f l i g h t  
c o n d i t i o n s .  Next ,  p a r t i a l  s p e c i f i c a t i o n  of d e s i r e d  e i g e n v e c t o r s  was 
a t t empted  a s  f o l l o w s :  
a a r e  s e l e c t e d  u s i n g  t h e  same c r i t e r i a  as i 
4 . 3  Dominant Mode Eigenassignment  
According t o  r e f  [SI, complete  s p e c i f i c a t i o n  of d e s i r e d  e i g e n v e c t o r s  a r e  
n e i t h e r  n e c e s s a r y  nor d e s i r a b l e .  Depending on t h e  s t a t e s  shou ld  o r  should  
n o t  p a r t i c i p a t e  i n  a given mode, a p p r o p r i a t e  e n t r i e s  i n  t h e  e i g e n v e c t o r s  a r e  
made ones or z e r o s ,  l e a v i n g  o t h e r  entries f r e e .  Wi th  t h e s e  e i g e n v e c t o r s ,  
t h e  d e s i r e d  e i g e n v a l u e s  a r e  moved as f a r  l e f t  from t h e  imaginary  a x i s  a s  
p o s s i b l e  w i t h  l eas t  change i n  t h e  l o c a t i o n  of unplaced e igenva lues .  The 
d e s i r e d  e i g e n v e c t o r s  s o  o b t a i n e d  appeared  t o  work over  most f l i g h t  condi- 
t i o n s .  No te ,  however, t h a t  e x t e n s i v e  i t e r a t i o n s  on t h e  d e s i r e d  e igenva lues  
may o f t e n  be r e q u i r e d  t o  produce a s a t i s f a c t o r y  des ign .  
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T h e  open- loop  e i g e n v a l u e s  f o r  t h e  a i rc raf t -CAS l i n e a r i z e d  modcl a t  
Mach 1 . 2  and 10000' a l t i t u d e  i s  g i v e n  i n  t a b l e  1 .  The  system h a s  a p o l e  on  
t h e  r i g h t  h a l f  of s p lane .  P a r t i a l  s p e c i f i c a t i o n  of t h e  d e s i r e d  e igen -  
v e c t o r s  are  c o n s t r u c t e d  n e x t ,  based  on  t h e  s t a t e s  t h a t  shou ld  o r  s h o u l d  n o t  
p a r t i c i p a t e  i n  a g iven  measurement. The d e s i r e d  e i g e n v e c t o r s  used  i n  t h e  
p r e s e n t  example a re  g i v e n  i n  t a b l e  2. I t  can  be s e e n  from t h i s  t a b l e  t h a t  
no r e s t r i c t i o n  has  been p l a c e d  on s t a t e s  a s s o c i a t e d  K i t h  CAS. A manlual 
i t e r a t i o n  i s  now under t aken  t o  d e t e r n i n e  t h e  d e s i r e d  e i g e n v a l u e s .  S i n c e  t h e  
d e s i g n e r  i s  i n t e r e s t e d  i n  producing  a s t a b l e  s y s t e m  w i t h  a s  h i g h  a speed  of 
r e s p o n s e  as p o s s i b l e ,  t h e  e i g e n v a l u e s  t o  be moved a r e  t h e  o n e s  c loses t  t o  
t h e  imag ina ry  axis .  Hence, these a re  moved a s  f a r  t o  t h e  l e f t  of t h e  
imag ina ry  a x i s  as p o s s i b l e  w i t h  l e a s t  change i n  t h e  l o c a t i o n  of o the r  e igen-  
v a l u e s .  T a b l e  3 shows a s e t  of d e s i r e d  e i g e n v e c t o r s  o b t a i n e d  from t h i s  
e x e r c i s e .  The o u t p u t  feedback g a i n s  o b t a i n e d  from t h e  c o n s t r a i n e d  
e i g e n v a l u e / e i g e n v e c t o r  d e s i g n  t e c h n i q u e  i s  g i v e n  i n  t a b l e  4.  T a b l e  5 g i v e s  
t h e  closed l o o p  e i g e n v a l u e s .  Comparing t h i s  w i t h  t a b l e  3 shows t h a t  t h e  
a c h i e v e d  e j g e n  v a l u e s  are close t o  t h e  d e s i r e d  ones .  
I n  F i g u r e s  2 and 3, t h e  time r e s p o n s e  of t h e  system f o r  a r a - p  msch 
number command are shown. A q u e s t i o n  t h a t  occurs n a t u r a l l y  a t  t h i s  p o i n t  is 
whether  t h e  d e s i g n  can  be improved by fur ther  a d j u s t m e n t  of d e s i r e d  e i g e n  
v a l u e s  a n d  e i g e n  v e c t o r s .  Examinat ion  of t h e  c o n s t r a i n e d  e i g e n  v a l u e l e i g e n  
v e c t o r  approach  y i e l d s  no answer t o  t h i s  q u e s t i o n .  
5 .  CONCLUSIONS 
Des ign  of a maneuver a u t o p i l o t  f o r  f l i g h t  tes t  t r a j e c t o r y  con t ro l  
u s i n g  c o n s t r a i n e d  e i g e n v a l u e / e i g e n v e c t o r  ass ignment  was d i s c u s s e d .  Diff i- 
c u l t i e s  e n c o u n t e r e d  i n  t h e  g e n e r a t i o n  of d e s i r e d  e i g e n v a l u e s  and  e igen -  
vectors were o u t l i n e d .  T h i s  approach  demands s e v e r a l  i t e r a t i o n s  t o  converge  
t o  a s a t i s f a c t o r y  d e s i g n  and does  n o t  appea r  t o  e a s i l y  g i v e  s u i t a b l e  i n s i g h t  
f o r  o u t p u t  f eedback  d e s i g n  of h i g h  order m u l t i v a r i a b l e  s y s t e m s  which w i l l  be 
used  a t  other o p e r a t i n g  p o i n t s .  If a r a t i o n a l  method t o  g e n e r a t e  a n  
a c h i e v a b l e  s e t  of e i g e n v e c t o r s  is d e v i s e d ,  t h i s  t e c h n i q u e  w i l l  be made more 
a t t r a c t i v e .  One p o s s i b i l i t y  might be t o  g e n e r a t e  g r a d i e n t s  of t h e  e igen -  
s y s t e m  between f l i g h t  c o n d i t i o n s  and  i n c l u d e  t h i s  i n f o r m a t i o n  i n  t h e  s i n g l e  
p o i n t  d e s i g n  t e c h n i  que. 
A-I-  1 1 
References : 
[ l ]  D u k e ,  E . L . ,  "Automated F l i g h t  T e s t  Maneuvers: T h e  Development of a 
---- 
New Technique" ,  F l i g h t  T e s t i n g  Technology-A S ta t e -o f - the -Ar t  Review, 
pp. 101-119, P roceed ings  of t h e  S o c i e t y  of F l i g h t  Test  Eng inee r s  1 3 t h  
Annual Symposium, N e w  York, N . Y . ,  September 1982. 
[2] D u k e ,  E . L . ,  Swann, M . R . ,  Enevoldson ,  E . K . ,  and Wolf,  T .D. ,  "Experience 
w i t h  F l i g h t  Test T r a j e c t o r y  Guidance",  J .  Guidance,  C o n t r o l ,  a n d  
DynaTics ,  pp. 393-398, Vol 6 . ,  Sept . -Oct .  1983. 
[3] " F i n a l  Fleport ,  H i M A T  Flaneuver A u t o p i l o t " ,  TRA 29255-1, T e l e d y n e  Ryan 
A e r o n a u t i c a l ,  February  1981. 
[ 4 ]  Walker ,  R . A . ,  and Gupta,  N . K . ,  " F l i g h t  Test T r a j e c t o r y  Con t ro l  
A n a l y s i s " ,  NASA CR 170395, February  1983. 
[5] S h a p i r o ,  E . Y . ,  a n d  Chung, J . C . ,  "Cons t r a ined  Eigen  ValueIEigen Vector  
Assignment - A p p l i c a t i o n  t o  F l i g h t  C o n t r o l  Systems",  t h e  2 4 t h  I s rae l  
Annual Conference  on  A v i a t i o n  and A s t r o n a u t i c s ,  Tel-Aviv,  February  1 7 ,  
1982. 
[ 6 ]  D u k e ,  E . L . ,  P a t t e r s o n ,  B . P . ,  and  Antoniewicz,  R.F., "User's Manual f o r  
L I N E A R ,  A F o r t r a n  P r o p a m  t o  Der ive  L i n e a r  A i r c r a f t  Models", NASA 
r e p o r t  i n  p r e p a r a t i o n .  
[ 7 ]  Kosut ,  R.L. , l lSuboptimal C o n t r o l  of Linear T ime- Inva r i an t  Systems Sub- 
j e c t  t o  C o n t r o l  S t r u c t u r e  C o n s t r a i n t s " ,  I E E E  T r a n s a c t i o n s  on Automatic 
C o n t r o l ,  Vol. A C - 1 5 ,  No. 5 ,  October  1970, pp.  557-563. 
[8: S h a p i r o ,  E.Y., F r e d r i c k s ,  D . A . ,  and  Rooney, R . H . ,  "Suboptimal Cons tan t  
Output  Feedback and  i t s  A p p l i c a t i o n  t o  Modern F l i g h t  Con t ro l  System 
Design",  I n t e r n a t i o n a l  Journa l  o f  Control ,  Vol. 33, No. 3 ,  1981, pp.  
505-51 7. 
[g] Lev ine ,  W.S., and Athans ,  M . ,  "On t h e  Determination of t h e  Optimal 
C o n s t a n t  Output  Feedback G a i n s  f o r  Linear M u l t i v a r i a b l e  Systems",  IEES 
T r a n s a c t i o n s  on Automatic  C o n t r o l ,  Vol. AC-15, No. 1 ,  February  1970, 
pp. 44-48.  
[ l o ]  Ly, Uy-Lo i ,  l lApp l i ca t ion  of t h e  F i n i t e  T i m e  Quadra t i c  Performance 
I n d e x  t o  Robust  Optimal  C o n t r o l  Law S y n t h e s i s " ,  Ph.D. d i s s e r t a t i o n ,  
S t a n f o r d  Uni v e r s i  t y  , 1 982. 
[ l l ]  L i e b s t ,  B.S., Garrard, W.L., a n d  Adams, W . M . ,  "E igenspace  Design of an  
A c t i v e  F l u t t e r  S u p p r e s s i o n  System", A I A A  Guidance and C o n t r o l  
Confe rence ,  paper  84-1867, Aug. 20-22, 1984, S e a t t l e ,  W A .  
A-1-12 
I 
TABLE 1.  OPEN-LOOP E I C E N  V A L U E S  FOR A I R C R A F T - C A 5  L I N E A R 1 7 E I )  FlODEL A T  M A C 3  
1 .? A N 3  1000's  ALTITUDE 
-1.2176DtOl +l.O192ptoli 
-1 . 217WOi -l,O192D+Oli 
-ZD3438p+o0 t5.311Ilptooi 
-2.9438M -5.3113D+#i 
-2.3186D-01 tl .  8504b-Oli 
-2.3186D-01 -1.8504D-Oli 






i. 4497p-03 +5. o o o O ~ i  
-2.7WD-01 +O.OOOOptoOi 
-2.WOP-01 ~O.oooOp+ooi 
-1 .oooO~ + Q . o 6 o o ~ i  
-1 92oOP+ol to. o o o O ~ i  
A-1-13 
TABLE 2. PESI8ED EIGEN VECTORS A N D  T H E I S  INTEfiPRETATION " 9 9 "  STANDS FOR 
99. 99. 99. 99. 99. 99. 99. 99. 
99. 99. 99. 99. 99. 99. 99. 99. 
99. 99. 99. 99. 99. 99. 99. 99. 
99. 99. 99. 99. 99. 99. 99. 99. 
99. 99. 99. 99. 99. 99. 99. 99. 
9 9 . 9 9 . 9 9 . 9 9 . 9 9 . 9 9 . 9 9 . 9 9 .  
99. 99. 99. 99. 99. 99. 99. 99. 
99. 99. 99. 99. 99. 99. 99. 99. 
99. 99. 99. 99. 99. 99. 99. 99. 
99. 99. 99. 99. 99. 99. 99. 93. 1 89. 99. 99. 99. 99. 99. 99. 99. 
UNSPE 21 F I E D  COMPONENTS 
1 ' 
Heas  ur e n m  t s 
0. 0. 0. 0. 99, i. 0. 0. Thrust 
99. 99. 99. 99. 99. 99. 99. 99. . Actuator 
A-I- 14  
States 
CAS States 
. TABLE 3. D E S I R E D  E I G E N  VALUES 
-2.ooOOM)l t2.WMHfi 
-2.oooOp-01 -2.oooOQ-Oii 
TABLE 4 .  OUTPUT FEEDBACK CONTROLLER 









-4.776Swl d. oooOp9oi 
-3.4069Wl +1.1513D-l7i 




-2. 0045W1 42.0037W1 i 
- l . ~ M l  +l.OQQQMli 
-1.(000Mi -1.40WD-01i 
-1.(OoQWl *l.(ooOwli 
d e s i r e d  I 
A- I -  15 
_ _  
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 COMMANDS 












F i g u r e  2. Mach No. .vs Time R e s p o n s e  f o r  a Ramp Mach No. Command 
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F i g u r e  3. A l t i t u d e  v s .  T i m e  R e s p o n s e  f o r  a Ramp Mach No. Command 
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APPENDIX A-I1 
AIRCRAFT - CAS LINEARIZED MODEL AND 
FTTC DESIGN USING EIGENSTRUCTURE ASSIGNMENT 
AT 1.2 MACH, 10000 ALTITUDE 
A-11-1  
CUurN 1 TWY t 
























0. oooo~00 0. OoOot*oc 
0.woOPIw 0.0000@+00 
0. oooob+w 0. DoODpIW 
o.ooooD+Oo 0.oooot.M 
o.ooooD+w O . o o 0 0 ~  
0 .m)Cw o.OOOOD+OCL 
o.oooo)9o 0.oooopcoo 
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A - 1 1 - 3  
F Matrix ( C o n t ' d )  
































































































































3. H-Matrix ( 1 7  x 31) 















0. ~00D+OO -1.2929DtO3 
9.9950-01 -1.5381D+Oi 
-2.2601W3 4.1083D-01 


































































































0 m oOOOD+M O m  0000D90 
0.06OoP00 o.o00oD+oo 
Om OOOOD+00 0.0000Dt00 
Om oOoODt00 O,0000D+00 
O.OOOOD+00 OIO000D+00 
0. WNDt 00 0.0000DW 
6. OOoObM Om 0000Dt00 
0.0000D40 
0,0000D40 















O m  0000D40 
OIOOOOD+OO 
0 m 0000D+00 
0 m 0000D40 
0.0000D90 
0.0000D+00 





0 m 0000D+00 
O m  0000D40 































O m o o o O D + ~  
9.581moo 






H-Matrix ( C o n t ' d )  






0 m 0000D40 
0.0000D+00 
0. ooooDtoo 




O m  0000D+00 
0.0000D+00 
0.0000D+00 
0 m 0600Dt00 
0 m 0000D40 
O m  0000D40 
O m  0000D90 
O.OOQOD+OO 
0 m 0000D40 
O m  0000D90 
0.0000D90 
0, ooooi,9o 





0 m 0000D90 
0 m 0000D40 
O m  0000DM0 
o.o0ooD+oo 











O m  0 0 0 0 D t O O  
O.OOOODtOO 
0.0000D+OO 
O m  Dw)oD+OO 
0. 00ooDtoo 
Om0000D90 
0 m 0000Dt00 
Control  1 pi- Desi En 
U = G A I N  * z 
where 
z a r e  p e r t u r b e d  v a l u e s  of 
[c$ p h a x  M IM l h ]  T 
and 
T u = r6T 6e 6 a  a p  a p  
COLlNNS 1 TH?U 6 
-2.6551D-02 4.7021D-02 -1.2989D42 -1.14883+02 -1.0926DtO2 -le3532D+03 
1.3259b-01 4.1906b-01 5.9632D-42 2.9394042 -6,49(D+OO -4.9372Ml 
-6,0067DtOO -%1092P+oi 3.7164D-12 1.7632M -7.0812H2 6.166133-10 
2.6041D-01 -2.3116D+OO 1.067733-13 1.9321D-09 -4.5292p-13 7.29flb-ii 





A - 1 1 - 9  
Open-loop ei g~ : i v31  ues: ------ 
Closed-loop e igenvalues :  
-1.3612kQ2 +7.9936klSi 
-1.OOOWO2 6.11 E9blCi 
-1.13)55D+OZ 42.4338E151 
-8.8194plOl +4.%66151 






-1.SKK)blOl 40. ooooc9oi 
-5.418W +3.3073Wli 
d.4187DW -3.307SD91i 
































CLOSED-LOOP TIME RESPONSE 
MACH N O  - VS T I M E  FOR A RAMP MACH N O  COM?IAND 
A-11-1 1 
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-2D _ _  
0 5 i a  t5 za 25 30 35 40 
TLME 
CLOS ED-LOOP TIME RESPONSE 
ALTITUDE VS TIME FOR A RAMP MACH N O  COMMAND - 
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APPENDIX A-I11 
AIRCRAFT - CAS LINEARIZED AND 
FTTC DESIGN USING EIGENSTRUCTURE ASSIGNMENT 
AT 0.7 MACH, 10000 ALTITUDE 
A - 1 1 1 -  1 
caw 



















































O . W D + W  
-5.541SM7 
0.oooODW 









muocs 7 n a c  12 
O.ooOoD+W O.#KK)D+W 
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0 . 0 0 M  
0.00DW 
O.ooOOD+a 
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2 .  C-Matrix ( 3 1  x 4 )  
A-111-5 
I 3. H-Matrix ( 1 7  x 3 1 ) .  
CULUHNS 1 THRU 6 
-3.4B2D-09 9. M49D-10 
2.9388D-03 3.1117Dbi 
0.0000Dt00 O.WP90 





o,ooooD+oo O . o o 0 0 ~  
9.2815D-04 0.oooOpeoO 





























z a r e  p e r t u r b e d  va iues  of 
' 6  p h a M JM JhIT 
X 
and 
CUW 1llUU 6 
- 1 . 4 m W 2  -7.3096w2 -9.2850b-02 -1.7141H1 -1.3S9W2 -1.5352M3 
1.1924D-02 3,2934D-02 1 . 0 1 W 2  3.9151D-02 -2.W2DM -1,9619M1 
-2.5437DtOO - 1 . m 1  2.W5D-11 4.3619D-11 7.2545wB J.#Roc 
1.410Jwl 9.3187l-02 -5.6683D-12 2 .932Wll  5.98iOB-M -7.4-7 
cam 7lIRu 8 
-1.3916bCb2 -7.2697w3 
-2.4791DtOO i.OTJ2wJ 
-1 .3702M 3.7197D-12 
-2.D3D-48 -i.l4bnk13 
A-III-g 
Closed- loo?  e i g e n v a l u e s  -- 
CLOSED-LOOP TIME RESPONSE 
MACH N O  VS TIME FOR A RAMP MACH N O  - COMMAND 
CLOSED-LOOP TIME RESPONSE 
ALTITUDE V S  TIME FOR A RAMP MACH NO COMMAND - 
A - I 1  I- 12 
APPENDIX A-IV 
DESIRED EIGENVALUES AND EIGENVECTORS 
USED IN THE SYNTHESIS 
A-IV- I  





-1 . 5OOOD-01 -1 . WD-01 i 
- 1 . ~ D - 0 1  +i.4000Wii 
-2.W)Wl + O . ~ p 4 o i  
-1.1(oOoW1 -1. WWf i 
-2.7000Wl +O.oooOp4oi 
States 
DESIRED ET GENVECTORS : 
Q 
Q. 
O m  
O m  
0. 




















O m  
O m  
I .  
0. 
99. 

































HE AS URE MZ NTS 
h a  x M 
0. 99. 99. 99. 
99. I .  99. 0. 
99. 0. 0. 0. 
1. 99. O m  99. 
0, O m  O m  O m  
99. 0. 0. 0. 
0, O m  O m  0. 
99. O m  O m  O m  
99, 99. O m  99. 
0, 99. 1. O m  
99. 99. 99. 99. 
99, 99. 99. 99. 
99. 99. 99. 99. 
99. 9% 99. 99. 
99. 99. 99. 99. 
99, 99. 99. 99. 
99, 99. 99. 99. 
99. 99. 99. 99. 
99. 99. 99. 99. 
99. 9s. 99, 99. 








O m  
99. 











9 9 . 9 9 . 9 9 . 9 9 . 9 9 . 9 9 . 9 9 . 9 9 .  
99. 99. 99. 99, 99. 99. 99. 99. 
89. 99. 99. 99. 99. 99. 99. 99. 
99. s9. 99. 99. 99. 99. 99. 99. 
39. 99. 99. 99. 99. 99. 99. 99. 
39. 99. 99. 99. 99. 99. 99. 89. 
99. 99. 99. 99. 99. 99. 99. 99. 
99. 99. 99. 99. 99. 99. 99. 99. 
b g a  99. 99. 99. 99. 99. 99. 89. 
3 9 . 9 9 . 9 9 . 9 9 . 9 9 . 9 9 . 9 9 . 9 9 .  
39. 99. 99. 99. 99. 99. 99. 99. 4 
39, 99. O m  O m  99. 99. 1. O m  m 
99. 99. 99. 99. 0. 0. 0. 1. / h  
APPENDIX B 
A DEMONSTRATION EXAMPLE FOR EXACT NONLINEAR 
CONTROLLER DESIGN WITH PRELINEARIZING TRANSFORMATION 
€3- 1 
The theoi-y of pre l  i n c a r i z i n g  t ransform.3t ions  f o r  a c l a s s  of nonl inc.ar 
feedback  s y s t e m  d e s i g n  h a s  a l r e a d y  achieved  m a t u r i t y .  P i o n e e r i n g  work o n  
these t r a n s f o r m a t i o n s  f o r  f l i g h t  c o n t r o l  problems was c a r r i e d  o u t  a t  NASA 
A m e s  research c e n t e r  by  C .  Meyer a n d  o thers  [ l - 1 4 3 .  
are c u r r e n t l y  a v a i l a b l e ,  t h e y  dea l  w i t h  l a r g e  d imens ion  p rob lems  and conse- 
q u e n t l y  do n o t  c o n t a i n  s u f f i c i e n t  d e t a i l  t o  s e r v e  a s  i n t r o d u c t o r y  example. 
Though s e v e r a l  p a p e r s  
The o b j e c t i v e  of t h i s  t e c h n i c a l  memo i s  t o  i l l u s t r a t e  t h e  a p p l i c a t i o n  
of these t r a n s f o r n a t i o n s  w i t h  a s i m p l e  bu t  r e a l i s t i c  example .  The t h e o r y  is  
exc luded  c o m p l e t e l y  from t h e  d i s c u s s i o n s  s i n c e  t h e  t r a n s f o r m a t i o n  scheme for  
t h i s  example t u r n s  o u t  t o  be d i rec t .  The  per formance  of t h e  e x a c t  n o n l i n e a r  
c o n t r o l l e r  i s  compared w i t h  a g a i n  s c h e d u l e d  l i n e a r  p e r t u r b z t i o n  c o n t r o l l e r  
t o  b r i n g  o u t  t h e  a d v a n t a g e s  of t h e  former i n  c l e a r  d e t a i l .  
ILLUSTRATIVE EXAWLE : 
---I- -- 
Cons ide r  a two s t a t e  v a r i a b l e  model of a t r a n s p o r t  a i r c r a f t  l a n d i n g  i n  
t h e  p r e s e n c e  of winds  as  follows 
nT-D - +any mVcosY L 
li = tanY ( 2 )  
here, V is  airspeed, h a l t i t u d e ,  T maximum t h r u s t ,  D aerodynamic d r a g ,  
Y f l i g h t - p a t h  a n g l e ,  and  rl 1s t h e  t h r o t t l e  s e t t i n g .  Y a n d  a re  t h e  c o n t r o l  
var iables  i n  t h i s  model and  down r a n g e  1s t h e  independen t  v a r i a b l e .  R o w ,  a 
h y p o t h e t i c a l  t h r u s t  and  d r a g  charac te r i s t ics  are  assumed as 
T - To(V + Vw) 
2 D - eoBhD 0 (V + V W )  
E-2 
Note t h a t  t tw e n g i n e  model i s  g r o s s l y  i n c o r r e c t  a t  low s p e e d s .  
I t  i s  r e q u i r e d  t h a t  t h e  a i r c r a f t  fo l low a g i v e n  t r a j e c t o r y  V ( t ) ,  A 
hR(t). 
Since  t h e r e  a r e  t w o  s t a t e  v a r i a b l e s  and two c o n t r o l  v a r i a b l e s  i n  t h i s  
problem, c o n s i d e r  a t r a n s f o r m a t i o n  of t h e  form 




u = ---- - tanY; u 
1 mVcosY V 
s u c h  t h a t  t h e  t r a n s f o r m e d  s y s t e m  is  t h e  form 
1 x = u  1 
2 x = u  2 
B-3  
This model is i n  Brunovsky ' s  c a n o n i c a l  form a c c o r d i n g  t o  Meyer [ lo] .  
If t h e  number c o n t r o l s  a r e  l e s s  t h a n  t h e  number of s t a t e s ,  a s i m p l e  t r a n s -  
f o r m a t i o n  s u c h  as t h e  o n e  g i v e n  above is no l o n g e r  p o s s i b l e .  A t r a n s f o r -  
m a t i o n  i s  s t i l l  f e a s i b l e  under  c e r t a i n  weak  c o n d i t i o n s  b u t  will i n v o l v e  
a d d i t i o n a l  a l g e b r a .  
To c o n s i d e r  t h e  r e g u l a t o r  problem f i rs t ,  a c o n t r o l l e r  of t h e  form 
mVcosY D - [ k  V + k h + tanY] -- + - 1 1  12 V T ‘r ( 6 )  
E x p r e s s i o n s  ( 5 )  a n d  ( 6 )  g i v e  t h e  non l inea r  r e g u l a t o r  f o r  t h e  a i r c r a f t  
problem. A b l o c k  diagram of t h e  p l a n t  w i t h  r e g u l a t o r  i s  g i v e n  i n  F i g .  1 .  
I 
- 1  Y Nonlinear , V 
t a n  ( k 2 , V  + k Z 2 h )  
fliircraft h 
[ k l l V  + k 1 2 h  + $ t s n y ]  . M o d e l  
I 
F i g u r e  1 .  Nonlinear  R e g u l a t o r  w i t h  A i rc ra f t  
The t r a c k i n g  problem is a d d r e s s e d  n e x t .  D e f i n e  t h e  new s t a t e  
var i a b l  es 
x - V‘VR 
Y - h-% 
ORIGINAL PAGE IS 
OF POOR QUALITY 
y - t a n Y - C  2 
where 
u s i n g  t h e  t r a n s f o r m a t i o n s  
x = x ,  x 2  = y 1 
qT-D 
'1 mVcosY v - -- - tanv-C, 
u = tanY-C2 2 
one has t h e  f o l l o w i n g  
x - u  1 1  
x2- u2 
which i s  i n  t h e  Brunovsky ' s  c a n o n i c a l  form. 
As before, a f e e d b a c k  r e g u l a t o r  can  be s y n t h e s i z e d  for (7), ( 8 )  as 
shown below u s i n g  l i n e a r  d e s i g n  approaches .  
T h i s  c o n t r o l l e r  can  be t r a n s f o r m e d  t o  o r i g i n a l  c o o r d i n a t e s  t o  g i v e :  
E-5 
E x p r e s s i o n s  ( 9 )  and  (10)  g i v e  t h e  n o n l i n e a r  c o n t r o l l e r  f o r  t r a c k i n &  the  
commands V R ( t )  and h R ( t ) .  
g ra l  f e e d b a c k s  can  be i n c o r p o r a t e d  w i t h  v e r y  l i t t l e  d i f f i c u l t y .  
I f  a t i g h t e r  c o n t r o l  i s  d e s i r e d ,  a d d i t i o n a l  i n t e -  
hR * vR * 
Range h V 
feet  feet fe;t/s 
0 10000 350 
150000 3000 280 
200000 0.0 200 
205000 0.0 60 
NONL I NE A R CONT R OL LE R E V A L Ll A T I ON 
c2 * * 
\j - t; - 
-0.04667 -0.0004 67 
-0.06 -0.001 6 
0.0 -0.02 
0.0 0.0 
To e v a l u a t e  t h e  n o n l i n e a r  c o n t r o l l e r  ( 9 )  and (10) .  a f e e d b a c k  g a i n  
m a t r i x  was computed f i rs t  u s i n g  l i n e a r  q u a d r a t i c  r e g u l a t o r  theo.ry w i t h  t h e  
f o l l o w i n g  s t a t e  and  c o n t r o l  w e i g h t i n g  m a t r i c e s .  
xx -[: 1:0] * R U U  - C'a" 1 O I *  o* 
T h e s e  c o m p u t a t i o n s  were car r ied  o u t  w i t h  t h e  h y p o t h e t i c a l  d a t a  
I -2 
Y 
0 0 - - 0.04025, 7 0.0136238 x 10 . m 
To s e r v e  as  a s t a n d a r d  for  compar ison .  a g a i n  s c h e d u l e d  l i n e a r  p e r t u r -  
b a t i o n  cont ro l le r  was d e s i g n e d  w i t h  t h e  same data.  Four d e s i g n  c o n d i t i o n s  
were u s e d  which a r e  g i v e n  i n  T a b l e  1 .  
TABLE 1 .  LINEARIZATION POINTS FOR THE ILLUSTRATIVE 
EXAMPLE 
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K:>t c’ t t i - i t  t t i t .  1 in(3ni- l  zn t  ion p ? i  nt  s W ( * I - ( >  on 1 ) I C  c o r i l i i ~ i i ~ i ~ ~ d  t i-ajc,ct o r y .  
T u o  ~ j n i u l a t  ions  a r e  n(.xt s e t u p .  T h e  f i r s t  o n e  irnplcincBntjriE t h e  non-  
I l n c n r  c o n t r o l l e r  ( 9 )  and  ( 1 0 )  and the second o n e  u s i n g  thc Enin s c h c d u l e d  
l i n e a r  p e r t u r b a t i o n  c o n t r o l l e r .  A d i s t u r b a n c e  i n  t h e  form a wind s h e a r  was 
i n t r o d u c e d  i n  t h e  s i m u l a t i o n s  f o r  addl  t i o n a l  r e a l  i s m ,  ( f i g .  2 ) .  
F i g u r e s  2-4  g i v e  t h e  r e s u l t s .  Note  t h a t  t h e  n o n l i n e a r  c o n t r o l l e r  h a s  
a s l i g h t l y  s u p e r i o r  t r a c k i n g  per formance .  T h e  r e a l  advantage  of u s i n g  t h i s  
c o n t r o l l e r ,  however, is t h a t  i t  per forms well u s i n g  o n e  s e t  of g a i n s  
t h r o u g h o u t  t h e  o p e r a t i n g  r e g i o n  w h i l e  t h e  1 i n e a r  p e r t u r b a t i o n  c o n t r o l l e r  
r e q u i r e s  a g a i n  s c h e d u l e  t o  a c h i e v e  acomparable  per formance .  
CONCLUS I Oh’s --
A s i m p l e  i l l u s t r a t i v e  example was d i s c u s s e d  i n  t h i s  t e c h n i c a l  memo t o  
d e m o n s t r a t e  t h e  power of t h e  p r e l i n e a r i z a t i o n  t r a n s f o r m a t i o n s  i n  
s y n t h e s i z i n g  e x a c t  n o n l i n e a r  c o n t r o l l e r s .  
g a i n  s c h e d u l e d  l i n e a r  p e r t u r b a t i o n  c o n t r o l l e r s  t o  show r e l a t i v e  advantages. 
Comparisons were made a g a i n s t  a 
E-7 
1 2 3 4 5 6 7 8 9 to 
WINDSPfXD(-/S) 
Figure 2. Wind Shear Used in S i m u l a t i o n s  
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APPENDIX D 
LINEAR TIME VARYING SIMULATION 
IN SYSTEM BUILD - 
D- 1 
L I N E A R  TIME V A R Y I N G  SIMULATION I N  SYSTEM B U I L D  
L i n e a r  time v a r y i n g  s i m u l a t i o n  can be b u i l t  around a F o r t r a n  block 
e v a l u a t i n g  t h e  m a t r i x  e q u a t i o n  
y = A ( t ) X  + B ( t ) U  ( D .  1 )  
where y E El', X E E l n ,  U E Im. A and B a re  time v a r y i n g  m a t r i c e s  of com- 
p a t i b l e  dimensions.  To use  t h i s  F o r t r a n  b l o c k ,  t h e  A and B m a t r i x  
e l e m e n t s  must be a r r a n g e d  i n  t h e  f o l l o w i n g  t a b u l a r  form and t r a n s f e r r e d  t o  
M a t r i x  s t a c k .  
X 
(D. 2 :  
nn B1l  B21 Bnl * * *  to A l l  A 2 1  ... A n l  A 1 2  A 2 2 . . . A n 2 . . .  A 
t l  A l l  A 2 1  ... A n l  A 1 2  A 2 2 . . A n 2  .... Ann 
t2 A l l  A 2 1  ... A n l  A , 2  A 2 2 . . A n 2  .... Ann 
B 1 l  B21 Bnl a * *  Brim 
B 1 l  B21 Bnl * . *  Brim . .  
. .  
T a b l e  = 
4 
i n  dependent  
var i ab1 e 
To b u i l d  i n  t h e  F o r t r a n  block,  two d i s t i n c t  s t e p s  are  n e c e s s a r y .  The f irst  
one  c o n s i s t s  of b u i l d i n g  a dummy s u p e r b l o c k  w i t h  t h e  name T A B L E ( N ) ,  where N 
c o u l d  be any number from 0 t o  9.  The Table  D.2 is b u i l t  as a l i n e a r  
i n t e r p o l a t i o n  t a b l e  b lock  i n  t h i s  s u p e r b l o c k ,  s a y  a t  r e l a t i v e  l o c a t i o n  M .  
Next ,  t h e  s u p e r b l o c k ( s )  i n c l u d i n g  t h e  time v a r y i n g  F o r t r a n  block may 
be b u i l t  w i t h  t h e  f o l l o w i n g  r e s p o n s e s  f o r  t h e  q u e r i e s  
c-2 
Dimension o f  RP & I P :  0 , 2  (no  rea l  pa rame te r s ,  two r e a l  pa rame te r s )  
e n t e r  I P  : N , M  (Dummy superb lock  Tab le  number, r e l a t i v e  
l o c a t  i o n )  
Note  t h a t  t o  complete  t h e  time va ry ing  s i m u l a t i o n ,  one has  t o  d e f i n e  
an independent  s t r i n g  o f  R i n t e g r a t o r s .  A schemat ic  f low char t  f o r  b u i l d i n g  
t h e  time v a r y i n g  l i n e a r  system w i t h  t h i s  FORTRAN block is g iven  i n  F i g u r e  
D . l .  
The SYSTEM - BUILDTM block diagram f o r  l i n e a r  time va ry ing  s i m u l a t i o n  
f o r  t h e  a i r c r a f t  example d i s c u s s e d  i n  t h i s  Appendix i s  given i n  F i g u r e  D . l .  
The f i r s t  b lock  i n  t h i s  diagram computes t h e  d e r i v a t i v e s  of t h e  s ta tes  us ing  
t h e  F o r t r a n  b lock .  These a re  t h e n  i n t e g r a t e d  i n  block 2. Block 3 
e s s e n t i a l l y  r o u t e s  v a r i o u s  i n p u t s  and o u t p u t s .  The r e f e r e n c e  t r a j e c t o r y  i s  
gene ra t ed  i n  Block 4 w h i l e  t h e  wind is  gene ra t ed  i n  Block 5. 
ments t h e  time va ry ing  g a i n s  or g a i n  s c h e d u l e s ,  a g a i n  us ing  t h e  F o r t r a n  
b lock .  
Block 6 imple-  
T A B L E  A S  A L I N E R R  IN- 
lf RPOL AT I O N  B L O C K  
UllTH R E L A T I L I E  L O C A T I O N  
M 
~~~ ~ 
B U I L D  THL TIME U R R Y I N G  
S I M U L R T I O N  SUPL RE1 OCK- 
UfHllE B U I L D I N G  IN THE 
F O R T R A N  BLOCKS, E N T E R  
D I M E N S I O N  O f  
RPDIP: 0,2 
IP:  N,M 
BUILD O T H E R  BLOCKS G. 
C O N N E C T  
N: Any nuiribrt from 
0 t o  9 
M: Any number from 
1 t o 6  
1 I 
F i g u r e  D. 1 .  Flow Char t  f o r  B u i l d i n g  L inea r  Time Varying Simula ‘cr. on  
SYSTEM BUILD - 
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APPENDIX E 
MINIMUM E R R O R  EXCITATION OUTPUT F E E D B A C K  D E S I G N S  
E- 1 
M I N I M U M  ERROR EXCITATION OUTPUT FEEDBACK DESIGNS 
T h i s  appendix  g i v e s  t h e  performance index  s p e c i f i c a t i o n  f o r  t h e  
control laws des igned  a t  each f l i g h t  c o n d i t i o n .  
d e s c r i p t i o n  of s e c t i o n  4.2.2, these performance i n d e c e s  comple t e ly  s p e c i f y  
how t h e  30 s e t s  of o u t p u t  g a i n s  can be reproduced .  
Toge the r  w i t h  t h e  a lgo r i thm 
LQR Perf ormance Index  
03 
-2a t  T T (x  HA Hx + u Ruuu)d t ,  w i t h  Y J =  I , e  
1 1 1 1 1 
(0.001)2’ (0.001)” (0.001)2’ (0.005)2’ (0 .005 )2 ’  
1 
(0.005) ‘  ’ 
T S t a t e  w e i g h t i n g  m a t r i x ,  Rxx  = k H A H ,  
Y 
here: k is  a sca la r  p r o v i d i n g  r e l a t i v e  s t a t e - c o n t r o l  we igh t s  
H i s  t h e  sys tem o u t p u t  m a t r i x  
The c o n t r o l  we igh t ing  matr ix  R = diag’(B) uu 
T a b l e  D-1 lists t h e  sca la r  weight  
f u n c t i o n  of t h e  d e s i g n  f l i g h t  c o n d i t i o n .  
k and t h e  s t a t e  w e i g h t i n g  v e c t o r  B a s  a 
E-,? 
TABLE E-1. PERFORMANCE INDEX SPECIFICATION FOR EACH FLIBIT CONDITION 
( S u b s c r i p t  1 c o r r e s p o n d s  t o  the  d e s i g n  with all c o n t r o l s ,  
s u b s c r i p t  2 c o r r e s p o n d s  t o  t h e  d e s i g n  w i t h o u t  t h r o t t l e  
c o n t r o l .  1 
ALTITUDE AND MACH 
LOAD h = 10k h = 20k h = 30k h = 40k h = 50k 
FACTOR M * 0.8 M = 1.0 M = 1.2 M = 1.4 M =  1.8 
B1= C0.l 1 1 11 Bl COS1 1 1 11 Bl C0.l 1 1 13 B1 - CO.1 1 1 13 Bl = CO.1 1 1 1 1 
k, - 0.002 kl 0.002 kl 0.001 k1 0.001 k1 0.001 
1 
B, = [l 1 11 B2 = 11 1 11 B2 - C 1  1 11 B2 = C 1  1 11 B, = 11 1 11 
k, = 0.002 kz - 0.002 k, = 0.005 k z  = 0.01 k z  - 0.01 
Bl- C5 1 1 1 1  Bl = [5 1 1 1 1  Bi C5 1 1 11 Bl C5 1 1 11 B, 15 1 1 11 
k, - 0.001 k, = 0.001 k, - 0.001 k, = 0.001 k l  - 0.002 
2 
B, L0.1 0.1 13 Bz = r0.1 0.1 11 B2 C0.1 0.1 11 B, C0.l 0.1 13 B, = CO.1 0.1 13 
k, = 0.0005 kz 0.001 k, = 0.001 k2 0.01 kz 0.00001 
Bl= 15 1 1 11 Bl = C5 1 1 11 Bi C5 1 1 11 B1 = [5 1 1 11 B1 = [5 1 1 13 
k1 0.001 kl 0.001 kl 0.0005 
B, - C0.l 0.1 1 1  B2 C0.1 0.1 11 8 2  = C0.l 0.1 13 BZ [O.l 0.1 13 B, 10.1 0.1 I] 
kl = 0.0005 k 1 0.0001 2 
4 
k, 0.002 k2 0.002 k2 0.002 kz 0.002 kz * 0.00001 
E-3 
i 
O u t p u t  F e e d b a c k  Gains 
The o u t p u t  f e e d b a c k  C o n t r o l l e r  h a s  t h e  f o r m  




u = [&T beap &aap &rap] 
F l i g h t  c o n d i t i o n :  h= lOk  f t ,  M=0.8, n = l  
( a )  T h r o t t l e  f r e e  
COLUMNS 1 " J  6 
6.1491D-04 1.9996D+O3 1.2553D+01 3.9128D+03 3.0025D-02 7.0i120-02 
-2.1757D-02 9.3094DlOO -4.8115D.01 -3.8109D+01 -5.8576D-01 -3.095i3-:1 
-8.57001)-05 2.7476D-02 -2.5024D-01 -1.2745D-01 5.8288D+01 -9.71123+01 
-3.4216D-06 1.3714D-03 -9.5302D-03 -5.2506D-03 6.184l.D-01 3.3190D*00 
COLUMNS 7 m u  12 
-3.5007D-02 2.7833D+00 -6.4362D-03 -5.8824D+03 1.8056D-02 3.615OE-03 
-3.7222D-01 -2.5667D+01 1.6186D-01 -6.4055D+01 -3.1782D-01 -5.41632-02 
2.3275D*01 -1.5444D-01 2.3048Dl01 -2.4475D-01 3.2259D+01 5.48723.00 
8.139l.D-01 -7.543l.D-03 -4.3978D+00 -1.0375D-02 3.7226D-01 6.3560D-02 
( b )  F i x e d  t h r o t t l e  
COLUMNS 1 m u  6 
O.OOOOD+OO O.OOOOD+OO 0.0000D+00 0.0000D+00 O.OOOOD+OO O.OOOOD+Oc 
-6.9831D-01 -1.7886D+04 -9.4324DlOl -2.5680D+02 -1.9276D-01 -2.7120D-01 
-1.9239D-03 -4.9332D*01 -2.6985D-01 -6.9729D-01 5.8289D+01 -9.7113D+01 
-1.5775D-05 -4.0474D-01 -2.277l.D-03 -5.6596D-03 6.18351)-01 3.3189D+00 
COLUMNS 7 m u  12 
O.OOOOD+OO O.OOOOD+OO O.OOOOD+OO 0.0000D+00 0.0000D+00 0.0000D+00 
-1.5857D-01 -2.0762D*01 2.0846D-01 O.OOOOD+OO -9.49681)-02 -1.5752D-02 
2.3276D*01 -1.2968D-01 2.3048D+01 O.OOOOD+OO 3.2260Dl01 5.4873D+00 
8.13881)-01 -9.4264)-04 -4.3978D+00 O.OOOOD+OO 3.7223D-01 6.3555D-02 
E-4 
F l i g h t  Condition: h-1 Ok f t ,  M~0.8, n=2 
( a )  T h r o t t l e  f r e e  
COLUMJS 1 z H R U  6 
2.9627D-02 8.1168D+02 -2.85921)-02 -7.8192D-01 -1.3855D-01 -3.8065D-01 
-8.2939D-02 -1.7109D+03 -4.3457D.01 -4.2727DlOl -3.0855D+00 -5.8524D-01 
-6.9160D-03 -3.0315D+02 5.3834D+OO 3.8716D+01 4.1267D+01 -4.6182D+01 
-3.51561)-04 -6.7290D+01 3.0272DlOO 1.6798D+01 -9.9049D-01 1.2926D+01 
COLUMNS 7 m u  12 
-8.12730-03 -3.1193D-01 6.5570D-02 7.703SD+01 -2.8132D-01 -8.7290D-02 
-1.623lD*00 -1.0912D+01 -2.1829D+00 -1.9868D+02 -6.1947D-01 -5.4515D-01 
1.7513D+01 1.8824D+OO -3.1690D+00 -4.6712Dl01 2.4901D+01 4.0680D+00 
-1.5747D-01 7.686I.D-02 -3.23YlD+OO -1.4266D*01 7.702I.D-01 -7.0858D-03 
(b) F i x e d  t h r o t t l e  
COLUMNS 1 l X R U  6 
0.0000D+00 0.0000D+00 0.0000D+00 0.0000D+00 0.0000D+00 0 . O O O C T  - 2 C  
-9.4567D-01 -2.25%+04 -1.754lD+Ot -3.7794D+02 8.78220+01 -1.38093’32 
-5.4520D-02 -1.5096D+03 3.5769D+00 2.0487D+01 1.7270D.02 -6.21753.01 
-1.8692D-02 -5.2788D+02 2.5422D+00 5.5214D+OO 6.6557D+OO 5.6499D+00 
COLUMNS 7 m u  12 
0.0000D+00 O.~OOOOD+OO 0.0000D+00 0.0000D+OO 0.0000D+00 0.0000D+00 
4.099lD+01 -1.282lD+02 9.6703D+01 -2.1918D+03 3.48461)*01 6.09219-CC 
S 397lD+01 1 74OlD+OO -1.994lD+OO -1.523BD+02 9.8190D+01 1.6852DlOl 
F l i g h t  Condition: h=lOk f t ,  M-0.8, n=4 
( a )  Throt’le f r e e  
OOLUMNS 1 T H R U  6 
2.2794D-03 7.1210D+01 4.024lD-01 -1.1510D+OO -6.1276D-02 -2.4384D-01 
-4.3918D-02 -9.4806D+02 -4.534lD*01 -8.3475D+OO -1.6230D+01 1.4902D+01 
-3.3214D-04 -2.5846D102 2.857OD+OO 5.711OD+01 3.9784D+01 -4.6713D+01 
2.0198D-03 -6.1265D+Ol l.O238D+OO 2.2273D+01 -2.9065D+00 1.5259D+01 
C O L W S  7 m u  12 
9.7857D-03 -8.7439D-02 1.9166D-02 1.8054D+01 -3.3040D-01 -1.2460D-01 
-1.7379D-01 -7.5154D*OC -1.8527D*OO -2.8085D+02 7.6036D+OO 6.2348D-02 
1.6825D+01 2.3431D+00 -3.2140D+00 -7.6799D.01 2.9976D*01 5.1782D.CC 
-6.3254D-01 2.4454D-01 -3.4999D*OO -2.0067D+01 2.1%71)+00 2.4978D-0; 
(b) F i x e d  t h r o t t l e  
C’XJMNS 1 THRU 6 
0.000OD+OO O.OOOOD*OO 
-2.4868D- 01 -4. %BOD+ 03 
-1.3103D-02 -2.0613D+02 
1.96121)-03 -3.6559D+Ol 

































F l i g h t  C o n d i t i o n :  h=20k f t ,  M=1.0, n-1 
( a )  T h r o t t l e  f ree  
C3LL1.3:S 1 %L' 6 
-3.OO28D-02 1.4232D+03 -1.4150D+02 1.2419D+04 1.56563-01 2.5076D-01 
-2.47071)-02 3.98928+00 -1.3192D+02 2.1845D+01 -2.2288D-01 -3.9225D-01 
-6.2268D-05 1.0190D-02 -2.5252D-01 6.6599D-02 5.6690Dl01 -l.O369D+02 
-1.5270D-06 3.3189D-04 -6.03951)-03 1.8372D-03 1.0355D+00 3.7093D+00 
C3LUMNS 7 m u  12 
-3.17571)-02 -9.4699D+00 -2.85271)-02 -1.7748D+04 8.6553D-02 1.6153D-02 
-1.9513D-01 -2.3818D+01 2.9430D-01 -1.8270D+02 -1.22000-01 -2.0972D-02 
2.2984D+01 -1.95571)-01 2.5598D+01 -4.6193D-01 3.13663-Ci 5.33333-00 
1.0205D+00 -4.098l-D-03 -4.4825D+00 -1.2099D-02 6.0750D-01 1.0334D-01 
(b) F i x e d  t h r o t t l e  
COLUMNS 1 m U  6 
O.OOOOD+OO 0.0000D+00 O.OOOOD+OO O.OOOOD+OO 0.0000D+00 O.OOOOD+OO 
-1.4623D-01 -3.0862D.03 -1.3772D+02 -2.5546D.02 -2.3182D-01 -3.5661D-01 
-3.4606D-04 -7.3324D+OO -3.2365D-01 -5.9666D-01 5.6691D+01 -1.0369D.02 
-8.5753D-06 -1.8118D-01 -7.66131)-03 -1.4886D-02 1.0355D+00 3.7093D.30 
COLUMNS 7THRu 12 
0.0000D+00 0.0000D+00 0.0000D+00 O.OOOOD+OO 0.0000D+00 O.OOOOD-:O 
2.2965Dl01 -1.4990D-01 2.5599D+01 0.0000D*L0 5 . 3 3 3 4 : -  . 
1.0205D+00 -4.2346D-03 -4.4824D+OO 0.0000D+CG ~:~~~~~ 1.0334;  -:1 
-1 8998~-0i -2.1146~+01 2.7138~-01 O.OOOOD+OO - i . i ~ 3 ~ - o i  -2.0058n--7 
F l i g h t  C o n d i t i o n :  h=20k f t ,  M=1 . O ,  n=2 
( a )  T n r o t t l e  f r e e  
COLUMNS 1 m U  6 
6.9042D-03 1.9549D+02 1.5364D+OO -8.5917D-01 1.1123D-01 
-8.0054D-02 -1.6813D+O3 -9.5674D+Ol -3.7453D+01 -1.7710D+01 
-3.18111)-03 -1.9103D+02 7.1812Dl00 4.0158D+01 4.1578D+01 
7.3580D-04 -2.9358D+01 3.8067D*OO 1.8625D.01 -1.0029D+00 
COLUMNS 7 m u  12 
1.17871)-01 -3.2178D-02 1.324l.D-01 1.8588D+Ol -1.5842D-01 
-1.2003D+01 -1.79471)+01 -8.0714D+OO -2.1281D+02 -7.5076D+00 
1.7896D+01 1.8398D+00 -2.7051D+00 -3.4723D+01 2.4838D+01 









( b )  Fixed t h r o t t l e  
C O L W S  1plRU 6 
O.OOOOD+OO O.OOOOD+OO 0.0000D+00 O.OOOOD+OO 0.0000D+00 0.0000D+03 
-2.5821.D-01 -5.1355D+03 -1.8856D+02 -2.4846D+02 2.3176D+01 -5.6307D+O; 
-3.3381D-03 -1.8932D+02 8.863U)+OO 3.0696D+01 2.0976D+02 -5.8322D+OL 
-1.4984D-03 -9.3411D+01 1.1209D+00 1.3272D+01 2.8245D+00 7.2034D+OG 
COLUMNS 7 m u  12 
O.OOOOD+OO 0.0000D+00 0.0000D+00 0.0000D+00 0.0000D+00 0.0000D+00 
9.70171)+00 -1.1540D+02 2.1620D+01 -5.6373D+02 6.8088D+00 1.0118D+OG 
1.0345D+02 7.8005D+00 -3.3573D+OO -2.3474D+01 1.1937D+02 2.0505D+01 
1.2950D+00 -1.1666D+00 -2.2116D+00 -1.418l.D+01 2.4988D+00 3.6095D-01 
E-6 
F l i g h t  Condi t ion :  h = 2 0 k  f t ,  M=1.0,  n=4 
( a )  T h r o t t l e  f r ee  
COLUMNS 1 m U  6 
-2.9947D-05 3.6599D+OO 5.5165D-01 -4.3026D-01 1.0464D-01 -1.4545D-01 
-2.4350D-02 -1.6104D102 -9.3784D+Ol -5.3770D+01 9.3674D+OO -2.0784D+Ol 
8.9437D-03 -5.3990D+01 5.8315D+00 6.7524D+Ol 3.8510D+01 -4.8181DSOl 
4.14911)-03 -1.8467D+O1 5.9942D-01 2.959lD+01 -3.6880D+00 1.6136D+01 
COLUMNS 7 m u  12 
1.70351)-02 1.0704D-01 1.9226D-02 1.4165D+OO -3.8941D-02 -1.7625D-02 
3.76991)-01 -2.8745D+01 1.1755D+OO -9.7631DlOl 4.2783D-01 2.9496D-01 
1.6541D+01 1.7075D+00 -3.4304D+OO -2.9706D+01 2.9120D+01 5.0757D+00 
-1.9703D+OO -3.2254D-01 -4.4090D+00 -1.1588D+Ol 9.59021)-01 1.5582D-01 
(b) Fixed t h r o t t l e  
- -.- 
0.0000D+00 O.OOOODLO0 0.0000D+00 O.OOOOD+OO 0.0000D+OO O.OOOOD+OC 
-6.0133D-02 -4.3196D102 -1.5452D+02 -1.3945D+02 1.1041D+01 -4.5528D+01 1.3187D-03 9.5875D+00 1.5789D+01 3.1355D+01 2.5958D+02 -6.5193D+01 3.5796D-03 -4.9691D-01 1.9333D+00 1.9762D+01 3.1445D-01 7.3005D+0@ 
COLUMNS 7 m u  12 
O.OOOOD+OO 0.00006;OO 0.0000D+00 0.0000D+00 O.OOOOD+OO 0.0000D+00 
3.4082D+00 -1.4477D+02 3.1317D100 -2.7722D+02 -5.3801D+00 -1.2555D+00 1.2898D+02 1.7756D+01 -3.4610D+00 9.5732D+00 1.4989D*02 2.5871D+01 -4 7916D-01 2.1208D+OC -4.14233-00 -1.0696D+@O 1.6873D+00 2.9084D-01 
Flight condition: h = 30k ft, M11.2, n=! 
, & )  T h r o t t l e  f r e e  
COLUMNS 1zHRU 6 
-4.6088D-02 1.6086D+O3 -4.0862D+01 7.7420D+03 5.0626D-01 2.2822D-01 
-5.7504D-02 -2.448lD+01 -1.9418D*O2 5.1413D*01 1.%22D+00 4.4702D-01 
-4.0537D-05 1.7568D-02 -2.0662D-01 1.4692D-01 4.2%2D+01 -7.5834D+Oi 
-7.3106D-08 1.2564D-04 -2.91041)-04 2.9682D-04 -2.2994D-01 8.08500*0: 
COLUMNS 7 m u  12 
2.55311)-01 1.9677D+Ol -8.0973D-03 -6.7504D+03 2.9316D-01 5.1002D-02 
1.0298D+00 -5.9481D+OO 1.6625D-01 -2.3518D102 1.1180D+00 1.9185D-01 
1.6729D+01 -7.8761D-02 1.1728D*01 -3.0407D-01 2.3583Dl01 4.0053D+00 
6.7563D-01 -1.0035D-03 -5.54223+00 -7.55423-04 -4.145m-02 -4.9060D-03 
(b) Fixed  T h r o t t l e  
COtUMNS 1 m U  6 
O.OOOOD+OO O.OOOOD+OO 0.0000D+00 0.0000D+00 0.0000D+00 0.0000D+00 
-2.2035D-01 -4.5955D103 -2.4374D+O2 -4.8065D+02 1.45411)+00 -1.1746D-01 
-3.9297D-04 -8.2035D+00 -3.9043D-01 -8.4043D-01 7.7573D+01 -9.1042D+01 
-9.4818D-06 -1.9769D-01 -9.3204D-03 -2.0343D-02 1.9012D+00 2.6540D+00 
COLUMNS 7THRu 12 
0.0000D+00 0.0000D+00 0.0000D+00 0.0000D+00 O.OOOOD+OO 0.0000D+00 
7.5137D-01 -1.7241D+01 2.9844D-01 0.0000D+00 8.25811)-01 1.419lD-01 
3.4197D*Oi -1.58163-01 2.8032D+01 0.0000D+00 4.3223D+01 7.3793D+OO 
1.3758D+00 -4.1546D-03 -5.1448D*00 O. O O C C 3 + 0 0  l.O546D+OO 1.7917D-01 
E- 7 
F l i g h t  C o n d i t i o n :  h=3Ok f t ,  K=1.2, n = 2  
I 
COLUMNS 1 T "  6 
I 6.6424.D-03 2.0838D102 2.4550D+00 -4.6783D+00 2.7707D+OO -2.5482D+OC 
-7.9027D-02 -1.9271D+O3 -1.7763D+O2 3.9364.D+01 -1.1536D+O2 5.3945D+O: 
-2.56901)-03 -2.0704D+02 9.0405D+00 4.7758Dl01 4.4819Dl01 -3.8343D+Oi 
1.9215D-03 -2.3017D+OO 6.6459D.00 1.9007D+Ol 2.1634D+OO 7.7438D+OC 
I ( a )  T h r o t t l e  f ree  
COLUMNS 7 m u  12 
1.3539D+00 1.8265D-02 1.0172D+00 4.1165D+01 9.1485D-01 1.2343D-01 
-8.0765D+01 -1.9153D+01 -3.1558D+01 -4.4553D+02 -5.0057D+01 -7.8047D+00 
1.8876D+01 1.3449D+00 -3.428lD'OO -5.0063D+01 2.6362D+01 4.3945D+00 
2.45OlD+OO 5.2374D-01 -1.5152D+00 -3.9816D+00 3.1590D+00 2.56651)-01 
(b) F i x e d  t h r o t t l e  
COLUMNS 1THRU 6 
0.0000D*00 0.0000D+OO 0.0000D+OO O.OOOOD+OO 0.0000D+00 0.0000D+OO 
-2.7603D-01 -5.6529D103 -2.9060D*02 -3.6612D102 5.2588D+01 -8.8793D.01 
-1.098OD-02 -4.1304D+02 3.7056D+00 4.2548D+01 2.1125D+02 -3.8144D+Ol 
-2.3OOl.D-03 -1.2616D+02 1.4133D+00 1.8791D+01 3.0150D+00 9.2470D.00 
rm.ims 7 m i l  1 7  . -_ 
0.0000D+OO O.OOOOD+OO 0.0000D+00 O.OOOOD+OO 0.0000D+OO 0.0000D+OO 
1.8824D+Ol -9.4044D01 4.0305D+01 -1.1392D+03 2.0379DiOl 3.5850D+00 
1.0450D+02 4.1414D+OO -7.5652Dl00 -8.7991D+01 1.2094D.02 2.0762Dl01 
F l i g h t  C o n d i t i o n s :  h=3Ok f t ,  M=1.2,  n=4 I  
( a )  T h r o t t l e  f r ee  
COLUMU'S 1 T H R L '  6 
4.1769D-04 3.6498Dl01 1.4851D*00 -3.4841D+00 2.1042D+O!: -1.3394D*OC 
-6.61Ol.D-02 -1.0172D103 -2.1118D+02 -1.4182D+02 -1.1%2D+Ol -7.4184D+01 
6.4192D-03 -2.8674D102 4.5654D+OO 1.156l.D+02 2.78%D+01 -2.6873D+01 
4.5633D-03 -4.2698D+01 4.9646D'OO 4.3199D+01 -6.6763D.00 2.018lD+01 
COLUMNS 7 m u  12 
6.363l.D-01 4.8008D-02 3.3416D-01 1.4069D*01 5.3312D-01 9.1566D-02 
-3.1037D+01 -2.6264D+Ol 1.7762D+00 -4.0761D+02 3.2%9D*00 7.1053D+00 
l.O313D+01 8.3152D-01 -4.94OOD+OO -1.1891D+02 2.7199Dl01 4.8492D+00 
-2.4702D+00 3.2870D-01 -4.1412D+00 -2.0022D+01 9.2925D-01 -2.3495D-02 
(b) F i x e d  t h r o t t l e  
0.0000D+00 0.0000D+00 0.0000D+00 O.OOOOD+OO 0.0000D+OO 0.0000D+00 -1.4369D-01 -2.6046D+03 -2.7650D+02 -2.2663D+02 1.8778D+01 -6.0432DlOl 
-1.89251)-03 -1.9431D+02 2.7848D+OO 6.7997D+01 2.8567D+02 -3.9003D+Oi 2.3785D-03 -4.3929D+01 -1.3042D+00 2.6549D+01 -4.3513D+00 1.0744D+01 
COLUMNS 7 m u  12 
O.OOOOD+OO 0.0000D+OO 0.0000D+OO O.OOOOD+OO O.OOOOD+OO O.OOOOD+OC 3.3267D+OO -1.323BD+02 2.5597D+Ol -1.0794D+03 -2.4847D+OO -7.8123D-01 1.4358D+02 5.409SD+00 -1.5@41D+01 -7.9803D+01 1.6880D+02 2.9097D+Oi -2.1208D*00 -8.7326D-01 -4.3539D+00 -1.9425D+01 2.8894D-01 4.0536D-C- 
E-8 
F l i g h t  C o n d i t i o n :  h=4Ok f t ,  r n = 1 . 4 ,  n=l 
( a )  T h r o t t l e  free 
COLUMNS 1pIRU 6 
-4.0290D-02 1.4738D+03 -7.8132D+01 1.2733D+04 5%2D+00 4.7039D-01 
-3.3645D-02 -3.4998D+01 -2.21041)+02 2.6056D+02 612lD+00 1.6425D+00 
-2.2849D-05 1.044l.D-02 -1.96761)-01 4.09651)-01 4.4062D+01 -5.9481D+01 
7.4382D-07 -2.6323D-04 6.3096D-03 -1.3187D-02 -1.5759D+00 1.1276D+01 
COLUMNS 7 m u  12 
1.5059D+00 2.1803D+01 1.59951)-01 -7.5485D+03 1.4565Dl00 2.48431)-01 
4.9056D+00 -1.1218D+00 4.6368D-01 -3.3457D+02 4.7%9D+00 8.1530D-01 
1.8275D+Ol -7.3752D-02 6.8008D+00 -3.90801)-01 2.4078D+01 4.0875D+OO 
1.2100D-01 -1.61921)-03 -7.5773Dl00 1.2509D-02 -7.5866D-01 -1.24340-01 
(b) F i x e d  t h r o t t l e  














F l i g h t  Condition: h=4Ok f t ,  m-1 . k ,  n z  2 
( a )  T h r o t t l e  f r ee  
COLWNS 1ZXRU 6 
6.8518D-03 5.0683D+02 4.0818D*00 -5.6239D+00 
-4.4551D-02 -2.3251D+03 -1.8765D+02 -7.0742D+01 
-9.549l-D-04 -3.2593D+02 9.999l.D*00 7.9025D.01 
2.1000D-03 -1.5805D+Ol 9.018lD+OO 4.%55D+01 
COLUMNS. 7 m u  12 
1.4281D+00 -1.3268D-01 7.72011)-01 8.0912D+01 
-6.5057D+Ol -1.5583D*01 -1.2903D+01 -4.1372D+O2 
1.80563+C1 1.2552D+00 -4.8808D+00 -6.2475D+01 
-6.8358D-01 5.66243-01 -5.3267D+OO -8.8420D+00 
( b )  F i x e d  t h r o t t l e  
COLWS 1 m U  6 
O.OOOOD+OO 0.0000D+00 0.0000D+00 0.0000D+00 
-4.5737D-01 -2.480l.D+04 -7.2826D+02 -1.2147D+03 
-2.7317D-02 -2.0654D+03 -4.2632D+00 8.0166D+01 
-1.3OOl.D-02 -8.8348D+02 -1.3085D+01 l.lllOD+Ol 
COLUMNS 7 m u  12 
0.0000D+00 O.OOOOD+OO 0.0000D+00 0.0000D+00 
2.0012D+02 -3.0735D+02 1.54340+02 -4.0026D+03 
2.5032D+02 7.0155D+00 -8.5866D+00 -3.3909D+02 











F l i g h t  C o n d i t i o n :  h=40k  f t ,  m=1.4, n-4  
( a )  T h r o t t l e  f r ee  
~ _ _  
4.1124D-04 5.0036Di01 1.5631D+00 -3.1841D+00 1.3668D+00 -5.9777D-01 -2.3227D-02 -1.1%6D+03 -1.6878D+02 -5.7583D+01 -8.9560D+00 -1.7275D+01 4.3573D-03 -3.1217D+02 1.0447D+00 1.4759D+02 2.6414D+01 -2.7939D+01 3.9995D-03 -4.5419D+01 4.3753D+OO 7.62671)+01 -1.0108D+01 2.56541)+01 
cal"s 7 m u  12 
3.5106D-01 -4.7050D-02 2.00389-01 1.547lD+01 5.5993D-02 1.5265D-02 
-3.3450D+01 -1.5111D+01 -8.9972D+00 -3.6314D+02 1.6913D+01 1.319lD+Ol 
1.0563D+01 6.9894D-01 -4.0%3D+OO -1.0337D+02 2.8564D+01 5.1314D+OO 
-3.8184D+OO 2.8959D-02 -6.45893+00 -1.7890D+01 1.5474DlOO 2.1119D-01 
( b )  Fixed t h r o t t l e  
COLUMNS 1THR'J 6 
0.0000D+00 0.0000D+00 0.0000D+00 0.0000D+00 0.0000D+OO 0.0000D*00 
-7.4833D-02 -3.1628D103 -3.0725D+02 -2.2405D+02 5.2112D+01 -4.3588D+01 
-3.1778D-03 -2.5123D+02 -1.0373D+00 5.6016D+01 2.9213D+02 -4.4807D+Ol 
2.4617D-03 -5.0406D+01 -7.3654D-01 5.1439D+01 -1.3608D+01 1.6665D+01 
COLUMh'S 7 m u  12 
0.0000D+00 0.0000D*00 O.OOOOD+OO O.OOOOD+OO O.OOOOD+OO 0.0000D*00 
1.7193D+01 -1.2755D+C2 9.99493*00 -1.0546D+03 1.3909D+01 2.5306D.CO 
1.4775D+02 6.0470D+00 -6.7478D+00 -8.0806D+01 1.7152D+02 2.%lOD+Cl 
-6.2548DlOO -3.7364D-01 -8.1168D+00 -1.8416D+01 -2.9529D+00 -5.2277D-Cl 
F l i g h t  C o n d i t i o n :  h=50k f t ,  m=1.8, n=l 
( a )  T h r o t t l e  f r ee  
COLLWS 1 M R U  6 
-1.2428D-02 1.4946D+03 -1.7242D+02 1.86571)+04 6.688lD-01 2.9641.D-01 
-2.5982D-02 -1.2215D+01 -1.7927D*02 -1.7245D+01 8.9805D-01 1.0008D-01 
-1.5234D-05 4.55411)-03 -1.65581)-01 6.9925D-02 4.4274D+01 -4.7749D+01 
2.668lD-07 1.5175D-05 2.49381)-03 -1.1575D-03 -2.1426D+OO 1.2%0D+Ol 
COLVMNS 7 m u  12 
3.1504D-01 -1.1959D+01 -7.9929D-02 -8.0056D+03 3.8123D-01 6.6208D-02 
4.4714D-01 -1.2251D+01 8.18140-02 -1.2989D.02 5.18171)-01 8.99771)-02 
1.9214D421 -6.8022D-02 4.8313D+OO -1.4003D-01 2.4148D+01 4.0977D+OO 
-1.8412D-01 -3.12923-04 -9.0948D+00 2.1152D-03 -1.05171)+00 -1.71691)-01 
(b) F i x e d  t h r o t t l e  
CmUtW 1%L! 6 
O.OOOOD+OO O.OOOOD+OC 0.00003+00 0.0000D+OO 
-3.%88D-01 -3.8011D+04 -1.706lD+02 -3.6535D+03 
-8.5073D-04 -8.1553D+01 -3.4003D-01 -7.8179D.00 
-6.3987D-06 -6.13568-01 -2.5685D-03 -5.8789D-02 
CXXVMNS 7 m u  12 
0.0000D+OO 0.0000D+00 0.0000D*OO O.OOOOD+OO 
1.4115D+02 -1.657l.D+01 -9.4218D+OO 0.0000D+OO 
4.8944D+01 -1.4756D-01 1.4088D+01 0.0000D+OO 






F l i g h t  C o n d i t i o n :  h=50k f t ,  m-1.8, n=2 
( a )  T h r o t t l e  f r ee  
COLUMNS 1THF.J 6 
3.5959D-03 4.6794D+02 3.5335D+00 -1.1105D+Ol 1.8649D+00 -8.03959-01 
-2.8089D-02 -1.8184D+O3 -1.3708D+02 -1.4276D+02 3.3696Dl01 -3.5020D+01 
-2.72271)-03 -8.1445D+02 8.1206D+00 1.32171)+02 2.2062D+01 -2.0562D.01 
-6.32171)-04 -4.5145D+02 7.5518D+00 1.0742D+02 -9.6043D+00 2.2742DlOl 
COLUMNS 7 m u  12 
4.6028D-01 -3.51621)-01 2.6473D-01 7.7890D+01 1.0763D-01 -1.1116D-01 
-1.6152D+01 -6.41890+00 -2.1512D.00 -3.1546D+02 3.0005D+01 7.06433-00 
7.47513+00 1.2381D+00 -1.7457DlOO -1.4860D+02 1.4924D+01 2.3107L)*OO 
-4.0962D.00 6.7878D-01 -7.0306D+00 -8.6670Dl01 -1.4925DlOO -7.20273-51 
( b )  F i x e d  t h r o t t l e  
COLUMNS 1 ” R U  6 
0.0000D+00 O.OOOOD+OO 0.0000D*00 0.0000D+00 0.0000D+00 0.0000D*0(  
-6.0982D-02 -4.1785D+03 -2.511lD+02 -2.8238D102 -6.99911)+01 -7.16992+0; 
-3.6150D-03 -5.4820D+02 -9.6721D-01 3.8862D+01 4.1818D+Ol -4.1017D*ti 
-1.40511)-03 -2.8559D+02 4.3810D-01 3.2729D+01 -7.6396D+00 6.2683D+OC 
COLUMNS 7 m u  12 
O.OOOOD+OO 0.0000D+00 O.OOOOD+OO 0.0000D+00 0.0000D+00 0.0000D+00 
-7.2926D.01 -3.0622D+01 1.9139D+01 -7.2199D102 -3.7145D401 -5.9716DC’ 
1.89!XD+01 6.32651)-01 2.6529D*00 -9.4700D+01 2.4460D+01 4.1671D*C; 
1.5019D+OO -9.5266D-02 -1.8004D+OO -5.0892D101 -1.3886D-01 -1.6@lZT’-C: 
F l i g h t  C o n d i t i o n :  h=50k f t ,  m=’ . e .  n = 4  
( 2 ‘  T h r o t t l e  f ree  
mLmS IIMRU 6 ~ 
-8.7236D-06 3.3564D;Ol 1.34071)+00 -2.8980D+00 5.884l.D-01 -2.19089-01 
-1.47061)-02 -9.3343D+02 -1.4934D+02 -3.1412D3-01 3.4538D+01 -2.749G+C1 
9.5740D-03 -2.8197D.02 -1.1045D+00 2.3251D.02 1.35071)+01 -2.1212Dl01 
6.8283D-03 -8.9545Dl01 -2.31771)+00 1.4395D+02 -1.5042D+01 3.3745D+01 
COLUMNS 7 m u  12 
3.9985D-02 -6.0302DI02 5.04771)-02 1 .llllD+Ol -1.1816D-01 -8.0972D-03 
-7.0423D+00 -1.6189D+00 -5.6683D+00 -3.0429D+02 5.0324D+01 1.7827D.01 
5.1013D+00 7.2874D-01 -3.3023D-01 -1.0164D+02 2.4240D+01 4.4423D+OC 
-4.8778D+00 2.63071)-03 -7.9269DlOO -3.6055D+01 8.3040D-01 4.2546D-01 
(b) F i x e d  t h r o t t l e  
COLUMNS 1 m U  6 
0.0000D+00 0.0000D+00 O.OOOOD+OO O.OOOOD+OO 0.0000D+00 O.OOOOD+OO 
-1.7721D-02 -9.5730D+02 -1.7563D+02 -9.2676D+01 5.9326D+01 -2.8669D.01 
1.09312)-03 -8.27171)+01 -2.1945D+00 4.2145D+01 4.4064D+01 -6.5929D+01 
1.2398D-03 -4.0076DlOl -3.3685D+OO 3.5458D+01 -7.1816D+OO 7.5126D+00 
COLUMNS 7 m u  12 
0.0000D*00 0.0000D+00 O.OOOOD+OO O.OOOOD+OO 0.0000D+00 0.0000D+00 
8.9326D+OO -1.3331D+01 9.2995D+00 -3.4701D+02 3.1186D+01 8.2989D100 
1.9945D+01 4.71411)-01 6.5720D*00 -2.9380D+01 2.7616D+01 4.7279D+00 
-4.1092D-01 -4.00341)-01 -1.8719D+00 -1.5270D+01 -2.1025D+00 -1.6154D-01 
E-1 1 
